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Preface

With the depletion of fossil fuel-based energy resources, the development 
of alternative sources of energy is becoming extremely crucial. Meanwhile, 
the planet is on the brink of an energy disaster due to the rapidly rising 
global need for energy. Additionally, the widespread use of fossil fuel-based 
energy resources aggravates global warming and harms the environment. 
However, there are reliable and eco-friendly substitutes to fossil fuels, like 
wind and many other sustainable energies. Considering its low operational 
costs and easy accessibility, the wind is among the most cost-effective and 
efficient renewable energies. With the increased use of wind energy, the 
need for storage has become critical. In addition to various storage proce-
dures, fuel cells and batteries are two primary sources of compensation for 
renewable energy (RE) systems. The wind technological system is on the 
cusp of development, but numerous improvements are required to make 
this technology cost-efficient, overall.

In this book, various energy storage and conversion methods for wind 
power applications are explored. By going through this book, one can learn 
more about excellent illustrations of the usefulness of adopting renewable 
energies, particularly in light of the widespread use of wind-based devices 
and the in-depth presentation of several developments in wind techno-
logical systems concerning applications and operational approaches. 
Additionally, this work covers the costs associated with the electrical out-
put in wind-powered power plants as well as the financial and environ-
mental plans that describe the installation of wind technological systems. 
For those interested in this field, this publication is a great resource for 
academics, researchers, environmentalists, and professionals.

Chapter 1 provides a concise scientific overview of wind energy’s histor-
ical development, technological advancements, and significance as a major 
renewable energy source. It highlights offshore wind farms, improved effi-
ciency, and reduced greenhouse gas emissions, making wind energy vital 
for a sustainable future. It also covers ongoing research for enhanced tur-
bine designs.



xii  Preface

Chapter 2 analyzes the direct and indirect environmental consequences 
associated with wind-energy technologies. It examines their potential 
impacts on living beings and the environment. These concerns may pose 
challenges to the progress of wind energy projects, underscoring the 
importance of thoughtful consideration and the implementation of effec-
tive mitigation strategies.

Chapter 3 discuss the visual impact of wind turbines and also their 
impact environment as noise pollution and wild life. The international 
wind energy generation and world energy forecast is discussed in details.

Chapter 4 discusses the types of wind hybrid power technologies. It 
focuses on the components and role of each hybrid system. The advantages 
and disadvantages of each hybrid system are also given. Careful integration 
of these systems can lessen their shortcomings and generate maximum 
electric power.

Chapter 5 extensively reviews wind energy theories driven by technolog-
ical advancements. It starts with the fundamental principles and aerody-
namics of wind turbines, moving to practical applications, control systems, 
and design aspects. It further explores advancements such as innovative 
materials, turbine designs, enhanced control systems, and smart grid inte-
gration, reinforcing wind energy’s efficiency and competitiveness.

Chapter 6 discusses the wind-energy hybrid power generation system 
with hydrogen storage. Additionally, it details hydrogen storage systems 
and wind energy systems. It concludes with the design and optimization 
of a wind-energy hybrid power generation system with hydrogen storage.

Chapter 7 investigates the growing global demand for clean and sustain-
able energy sources and how they have propelled the rapid development of 
wind power generation. Wind turbines, as key components of this industry, 
require efficient and cost-effective solutions to maximize their potential. 
One critical aspect is the design and manufacture of wind turbine blades, 
which significantly impact the overall performance and economic viability 
of wind farms. This chapter also explores emerging technologies centered 
on reusable wind turbine blades, highlighting their advancements, chal-
lenges, and implications. The chapter provides an overview of conventional 
wind turbine blade materials and their limitations in terms of recyclability 
and environmental impact. It then delves into recent research and inno-
vations in materials engineering, such as composite materials, bio-based 
resins, and additive manufacturing techniques. Furthermore, the chapter 
examines the challenges faced in implementing reusable blade technolo-
gies, including structural integrity, fatigue resistance, and manufacturing 
scalability. 
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Chapter 8 details how to balance and choose the best alternative for the 
criteria after calculating significant aspects in the evaluation of a wind tur-
bine technology following the principles of sustainable development for 
analytical hierarchy process (AHP). Based on the findings, the most opti-
mal alternative is chosen.

Chapter 9 discusses different aerodynamic properties like solidity, 
blade number, pitch, pitch angle, strut effect, and Reynolds number as 
they directly affect turbine performance. The optimum values of all these 
parameters for improved performance are also summarized.

Key features:

•	 Provides a broad overview of wind energy technology
•	 Describes prospects for energy storage and conversion 

systems 
•	 Analyzes economic and environmental plans for the devel-

opment of wind energy systems
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Abstract
Humans have used wind energy for centuries. In the 7th century, ancient Persia 
used it to grind grain and pump water. The concept of using wind to produce 
electricity was initially investigated in the late 19th century, and in recent years, 
wind energy has emerged as a major player in the renewable energy market, with 
numerous nations investing in wind power projects. With numerous turbines 
positioned far from the shore, where the winds are steady and strong, offshore 
wind farms have grown in popularity. With the potential to produce electricity 
even in the absence of wind, wind energy has become more reliable and cost-
effective thanks to technological improvements. This renewable energy source is 
crucial in the shift to a more sustainable future since it lowers greenhouse gas 
emissions while meeting the rising demand for electricity. As the world continues 
to move towards sustainable sources, wind energy is expected to offer a larger 
portion of energy needs. Scientists are researching novel wind turbine designs that 
might increase their output and efficiency. Wind energy is a potential renewable 
energy technology with a lengthy history and a bright future.
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2  Wind Energy Storage and Conversion

1.1	 Introduction

Energy is a crucial aspect of our sustainability, playing a significant role in 
promoting human civilization and shaping our lives. The social and eco-
nomic progress of modern society relies heavily on a steady and reliable 
source of energy. However, the rapid and unchecked growth of human 
civilization and industrialization has led to a detrimental effect on the 
environment and energy resources. Fossil fuels are a finite resource, and 
if the present rate of consumption continues, they will likely be depleted 
in the coming centuries [1]. The rise in carbon dioxide levels in the lower 
atmosphere has prompted the search for ecologically acceptable clean 
and sustainable energy options. Carbon dioxide build-up has had a neg-
ative influence on the climate, creating catastrophic weather events such 
as excessive rainfall, floods, and drought [2]. Every country is respon-
sible for improving the quality of its energy supplies and, when feasi-
ble, replacing non-renewable fossil fuels like coal and oil with renewable 
sources like wind, solar, and other kinds of energy. This approach has the 
potential to reduce the negative environmental consequences of carbon 
dioxide emissions [3]. In order to address the issue of depleting natu-
ral resources and environmental deterioration, future technologies must 
incorporate sustainable development concepts and criteria throughout 
their technological processes, products, and operations. This notion has 
been recognized globally, and many initiatives have been established to 
promote the integration of these concepts. Sustainable development is 
not only beneficial for the environment but also for society and the econ-
omy in the long term. By merging environmental and social consider-
ations into the design and production of new technologies, it is possible 
to create products and services that are not only eco-friendly but also 
efficient and cost-effective.

One of the key components of sustainable development is to minimize 
waste and pollution throughout the life cycle of the product. This can be 
achieved by using renewable resources, reducing energy consumption, and 
maximizing the product’s lifespan. Furthermore, sustainable technologies 
offer opportunities for creating new industries and jobs, improving pub-
lic health, and creating more equitable societies. Wind energy, which has 
been used by humans for millennia for purposes such as sailing, grinding 
grains, and pumping water, is a feasible form of renewable energy that can 
help mitigate the negative environmental consequences of non-renewable 
energy. However, it was not until the late 19th century that wind power was 
harnessed to generate electricity [4]. Since then, wind energy technology 
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has undergone significant advancements, making it one of the rapidly 
developing renewable energy sources worldwide. The earliest recorded use 
of wind energy was in Persia (present-day Iran) around 5,000 BC. Persians 
used wind energy to power their sailing ships, grind grains, and pump 
water. Similarly, ancient Egyptians and Greeks also used wind power to 
propel their ships. However, it was not until the 12th century that the first 
windmill was developed in Europe. These windmills were used primar-
ily to grind grains and pump water. Windmills continued to evolve and 
become more efficient, and by the 19th century, they had become a com-
mon sight across Europe and North America [5].

The first electricity-generating wind turbine was developed by Charles 
Brush in Cleveland, Ohio, in 1887. Brush’s wind turbine had a rotor diam-
eter of 17 m and generated around 12 kW of electricity. However, it was not 
until the 1940s that the first large-scale wind turbines were developed in 
the United States. These turbines had a rotor diameter of around 30 m and 
generated up to 100 kW of electricity. In the 1950s, wind energy began to 
be used to power remote locations such as farms and ranches.

Wind energy technology has undergone significant advancements in 
recent decades, making it a cost-competitive and reliable source of electric-
ity. In addition to technological advancements in wind turbines were var-
ious significant developments in wind farm design and operation. Wind 
farms are designed to take advantage of the prevailing wind patterns in a 
particular region, and turbines are placed strategically to maximize energy 
production while minimizing environmental impacts. Wind farm opera-
tors use advanced software to monitor and control the turbines, allowing 
them to optimize energy production and minimize downtime [6].

1.2	 Historical Background

Wind energy has been used throughout human history from ancient 
times, long before coal and refined petroleum were discovered. Notably, 
the Egyptians used windmills for water pumping some 3,000 years 
ago, while Chinese farmers used vertical-axis wind turbines to empty 
rice fields several centuries before their European counterparts. The 
horizontal-axis windmill is said to be originated in Europe and was 
first mentioned in the Duchy of Normandy around 1180 [7]. The gen-
eration of electricity using windmills began in 1887 when Prof. James 
Blyth built a windmill in Scotland for this purpose. In 1888, Bruch and 
his colleagues successfully developed a wind machine that was put into 
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operation on the Atlantic coast. Wind power technology continued to 
evolve and develop over time. Kurt Bilau, in 1920, incorporated the 
Ventikanten blade, which utilized an aircraft air-foil developed by him 
and Betz, into modern windmill designs. Small wind machines (less than 
1 kW) and windmills without an electrical system proliferated in rural 
areas of the United States during the 1920s and 1930s. The stages of wind 
technology development are given in Table 1.1. With almost 600,000 
units erected at this time, windmill use in the US reached its height in 
popularity. Developed in the US for the first time in 1941, the contempo-
rary horizontal-axis wind turbine was primarily utilized to supply elec-
tricity to farms without access to power lines. However, from the 1950s 
onward, the market for wind turbines slowly started to decline due to the 
widespread expansion of electric power lines [8].

Table 1.1  Stages of wind technology development.

Time period Key developments in wind energy technology

Ancient times Windmills used for milling grain and pumping water

Late 1800s Charles F. Brush builds the first large-scale wind turbine 
in Ohio, USA

1920s–1930s First electricity-generating wind turbines developed in 
Europe

1940s–1950s Utility-scale wind turbines developed for remote areas 
with no access to a power grid

1970s Advancements in aerodynamics and materials lead to 
more efficient wind turbines

1980s Wind power begins to gain popularity as a viable source 
of renewable energy

1990s Introduction of variable-speed turbines and the use of 
power electronics to improve efficiency

2000s Continued improvements in turbine design, including 
larger rotor diameters and higher hub heights

Present day Advancement of offshore wind farms and increasing use 
of wind energy storage technologies
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1.3	 Use of Wind Energy in Specific Countries

Wind energy has rapidly come into utilization in the US since the 1980s, 
with tax breaks playing an important role in stimulating investment. As a 
result, the price of wind-generated power has dropped significantly from 
35 to 4 cents/kWh. The Stateline Wind farm, which is now under develop-
ment, will be the biggest in the world. Furthermore, wind power capacity 
in the US has increased rapidly [9].

However, with an average annual growth rate of 22% over the previous 
6 years, Europe has overtaken all other regions as the world leader in wind 
energy. The European Wind Energy Association has increased its estimates 
for Europe’s wind capacity in 2010, and offshore projects are starting to 
materialize off the shores of numerous European nations [10].

Germany, which in 1997 outperformed the United States in terms of 
wind capacity, has since emerged as Europe’s future trendsetter. Denmark, 
which has the third-largest wind energy and is the top manufacturer and 
exporter of wind turbines, intends to source 50% of its domestic energy 
from wind by 2030. Other nations with large increases in wind capacity 
include Spain, Canada, India, and Japan, all of which have set goals or 
incentives to promote future expansion [11].

1.4	 Wind Technology

Wind power can be harnessed directly as mechanical power or indirectly 
as electrical energy through the conversion of wind’s kinetic energy (KE). 
All wind energy systems must include a wind turbine because it transforms 
the KE of the wind into mechanical power which can be used for various 
tasks. The wind turbine generates electricity by using the wind’s energy to 
move a rotor, which powers a generator.

In the early 1900s, the first wind turbine intended to produce energy 
was developed. Since then, substantial technological and design develop-
ments have improved the efficiency and dependability of wind turbines. 
Today, various varieties and sizes of wind turbines exist, from small ones 
used to power homes and small businesses to large ones used to produce 
electricity on a large scale for utilities. While wind turbine technology 
has been gradually improving, there have been remarkable advancements 
in turbine design [12]. In particular, modern innovations and optimiza-
tions in turbine technology have led to significant improvements in both 
power output and efficiency. Additionally, the development of specialized 
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generators and the use of power electronic devices have enabled gearless 
turbine designs. Currently, wind turbines are typically divided into two 
main types: horizontal-axis turbines (HAWTs) [13] and vertical-axis tur-
bines (VAWTs). HAWTs are more commonly used in the wind industry 
due to their higher efficiency compared to VAWTs [14].

1.4.1	 Wind Energy Conversion System (WECS)

The wind turbine serves as the primary part of the WECS and facilitates 
the conversion of KE into mechanical energy. A coupling device gear train 
connects the wind turbine to an electrical generator [16]. To prevent dis-
ruptions and safeguard the system or network, an appropriate controller 
is used to transmit the generator’s output to the electrical grid [17]. Wind 
turbines, which employ specifically created blades to convert the KE of 
the wind into rotational energy, are employed to capture wind energy. The 
generator uses this mechanical energy to turn it into electrical energy. The 
generator is linked to the rotating blades via a shaft, allowing mechanical 
energy to be transferred. The layout of a wind energy conversion system is 
shown in Figure 1.1.

The generator’s output may either be used to power a stand-alone load, 
such as a house or a small town, or it can be fed into the grid through 
a transformer. Specialized knowledge and skill in the domains of aero-
dynamics, mechanics, electronics, and control systems are necessary to 
enable the efficient and effective conversion of wind energy [18, 19]. Such 
abilities may be used to optimize wind energy systems so that they produce 
the most electricity possible while having the least negative environmental 
effect.

GENERATOR

AERODYNAMICS AND
MECHANICAL ASPECTS ELECTRICAL ASPECTS

WIND FLOW

LOAD/
GRID

POWER
CONVERTOR

GEAR
BOX

TURBINE
ROTOR

Figure 1.1  Layout of a wind energy conversion system [15]. 
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1.4.2	 Electric Generator

Due to their high dependability and effective energy collection, perma-
nent magnet synchronous generators (PMSG) and double-fed induction 
generators (DFIG) are becoming more and more popular as the preferred 
generators in WECS. Synchronous generator-powered wind turbines are 
frequently referred to as gearless or direct-drive wind turbine generators 
[20, 21]. The PMSG has lately attracted interest since it creates a magnetic 
field using permanent magnets and is self-exciting without the need for 
a DC source. Induction generators, meanwhile, are frequently employed 
because of their brushless design, excellent dynamic response, straightfor-
ward operation, and reduced cost [22]. The size, power output, and opera-
tional needs of the wind turbines are only a few of the variables that affect 
the generator technology choice. To increase their effectiveness, depend-
ability, and overall performance, WECS generator technologies have 
undergone extensive research and growth in recent years. The broad adop-
tion of wind energy will be greatly aided by the progress of new generator 
technologies as the need for renewable energy keeps rising. However, they 
require reactive power to generate a magnetic field, which is drawn from 
the grid in grid-connected applications, but in standalone applications, a 
power electronics converter or capacitor bank is employed to provide reac-
tive power. A self-excited induction generator (SEIG) is created when a 
capacitor is connected to an induction generator [23]. Figures 1.2 and 1.3 
represent the general outline of a power converter.
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Figure 1.2  Variable-speed synchronous/induction generator with full-scale power 
converter [24].
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1.4.3	 Evolution of Power Electronics

The aim of power electronics in WECS systems is to improve reliability, 
energy efficiency, and performance while reducing mechanical stress. As a 
result, the complete system may connect more fluidly with the grid and func-
tion as an adjustable power producing unit. Power electronics are especially 
important in variable speed wind turbine systems, as they allow for better 
control over the generator. In fixed speed wind turbine systems, thyristors 
can act as soft starters. Although expensive, power electronics can signifi-
cantly simplify the mechanical design of wind turbines, reduce mechanical 
stress, and lessen the effects of wind gusts. Additionally, they can do away 
with the need for gearboxes, which are a frequent cause of failure and losses 
in wind turbines. Researchers are creating advanced power electronic tech-
nologies that can convert power at greater voltage levels to fulfil the rising 
demand for wind energy. As an interface for a full-scale power converter, 
galvanically separated DC–DC converters using a cascaded H-bridge con-
verter architecture with a back-to-back arrangement are one possible alter-
native [25]. This concept makes use of a transformer that operates within a 
medium-frequency range of several kilohertz, greatly reducing the size of the 
transformer. To enhance the capability and dependability of wind turbines, 
make them more profitable, and encourage the wider usage of wind energy, 
sophisticated power electronics technologies will be essential to develop.

1.4.4	 Energy Storage Technology

The wind’s movement is unpredictable, making it difficult to generate con-
sistent power. Unstable wind power can create significant issues for power 
system operation, stability, and planning. Wind energy requires the efficient 
control and use of intermittent wind power. During times of little or no wind 
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Figure 1.3  Variable-speed, gearless multi-pole PMSG-based WECS [24]. 
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availability, excess wind-generated electricity may be stored and retrieved by 
means of energy storage technologies. Numerous storage technologies have 
been thoroughly investigated, including batteries, compressed air energy 
storage (CAES), flywheels, and pumped hydro storage (PHS). These technol-
ogies have distinctive qualities, benefits, and drawbacks. Careful attention 
must be given to elements including energy density, efficiency, scalability, 
environmental impact, and cost-effectiveness when choosing an appropriate 
storage system for wind energy. To ensure dependable wind energy produc-
tion, an energy storage system (ESS) is needed [26]. In WECS, extra electri-
cal energy is stored in the ESS and then delivered to the load in the event of a 
power outage. Batteries are the most often utilized energy storage technology 
in this context, despite the existence of other energy storage technologies, 
due to their capacity to store energy as electrochemical energy [27].

1.5	 Horizontal-Axis Wind Turbines (HAWTs)

Since the first windmill was built in ancient Persia, the wind turbine indus-
try has advanced significantly. The most common and largely utilized form 
of wind turbine in modern times is the HAWTs. These turbines consist of 
a rotor with many horizontally revolving blades that face the wind. The 
wind’s kinetic energy causes the blades to begin rotating, which, in turn, 
powers a generator to generate electricity. HAWTs are favored in the wind 
energy sector because of their exceptional efficiency, aerodynamic design, 
and capacity to capture wind from many directions [28]. In this chapter, 
we will discuss the history, design, components, working principles, and 
applications of HAWTs.

1.5.1	 History

The first horizontal-axis wind turbine was made in Scotland in 1887 by 
Professor James Blyth. It had a 10-m-diameter rotor and generated elec-
tricity to light his cottage. Later, in the 1930s, a Danish engineer, Poul La 
Cour, developed HAWTs that were used to power homes and farms. In the 
1970s, the oil crisis led to a surge of interest in wind power, which acceler-
ated the development of modern HAWTs [29, 30].

1.5.2	 Design

A tower, nacelle, and rotor are the components of a HAWT system. The 
hub of the rotor, which is attached to a main shaft, is made up of two or 
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three blades. The gearbox, generator, and other components that change 
the rotor’s rotational energy into electrical energy are housed in the nacelle, 
which also acts as a containment. The tower supports the rotor and nacelle 
and can be made of steel, concrete, or hybrid materials [31, 32].

1.5.3	 Components

The blades of HAWTs are typically made of fiberglass, carbon fiber, or other 
composite materials. The hub and main shaft are made of steel, while the 
gearbox is usually made of cast iron or aluminum [33]. The generator can 
be a conventional synchronous generator or a newer technology such as a 
permanent magnet generator. The control system of the turbine includes 
sensors, actuators, and a controller that regulates the pitch of the blades 
and the speed of the rotor [34].

1.5.4	 Working Principle

HAWTs work on the concept of the aerodynamic lift principle. The tur-
bine’s blades are made to generate a pressure differential between their 
top and lower surfaces when the wind blows over them, which causes the 
blades to rotate.

The primary shaft, which rotates in reaction to the motion of the blades, 
is connected to the generator. The mechanical energy generated by the 
blades’ spinning is subsequently changed into electrical energy with the 
use of a generator. The power grid subsequently receives this electrical 
energy for distribution and utilization. HAWTs use complex fluid dynam-
ics and mechanics to convert wind energy into electrical energy, which 
calls for careful design and engineering to maximize the efficiency of the 
turbine. HAWTs have emerged as a significant renewable energy source in 
recent years, and addressing the rising need for sustainable energy sources 
will depend on their continuing growth and improvement.

1.5.5	 Applications

HAWTs are used to generate electricity for a variety of applications, includ-
ing residential, commercial, and industrial. They can be installed onshore 
or offshore, depending on the availability and quality of wind resources. 
HAWTs can also be combined with other renewable energy sources such 
as solar power and energy storage systems to provide a stable and reliable 
power supply.
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1.6	 Vertical Axis Wind Turbine (VAWT)

VAWT are often used in homes as a sustainable energy source. It is made 
up of a rotor shaft and two or three vertically moving blades that mimic 
the action of spinning coins on their edges. Unlike standard turbines, the 
generator is located at the bottom of the tower, with the blades around the 
shaft [35].

1.6.1	 Working Principle

The vertically oriented blades of the vertical-axis wind turbine, which 
revolve around a vertical shaft and use wind energy to generate electricity, 
are essential to the device’s operation. The generator through which the 
rotor is attached to changes the mechanical energy generated by the wind 
into electrical energy. The blade, shaft, bearing, frame, and blade support 
are among the turbine’s crucial parts [36].

Displayed below is a block diagram depicting the components of a 
VAWT. The energy produced by this turbine can be utilized by any form 
of load, with an automatic lighting system serving as an example. This dia-
gram (Figure 1.4) consists of a VAWT, gearbox, generator, battery, LDR 
circuit, and LED.

LDR

VERTICAL AXIS
WIND TURBINE

GEAR BOX GENERATOR RECHARGEABLE
BOX

LDR CIRCUIT

Figure 1.4  Block diagram depicting the components of a vertical-axis wind turbine.


