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I. INTRODUCTION

Wind energy has become a vital component in the
transition to renewable energy. With growing
demand for cleaner power, advancements in wind
turbine technology particularly in blade materials
and design are playing a critical role. This paper
reviews key Improvements in turbine configurations
(HAWT vs. VAWT), evaluates location-based
differences in wind farm performance (onshore vs.
offshore), and discusses the importance of
integrating effective energy storage systems to
ensure consistent power supply.

Advancements in Wind Turbine Blade
Technology

Wind power has emerged in recent years as a pillar
of the new era of sustainable energy. Wind turbine
blades are at the center of this—essential
components that have a direct effect on energy
efficiency, structural integrity, and environmental
friendliness. This literature review examines recent

breakthroughs in the design of wind turbine blades,
taking the time frame of 2020 to 2025. It compiles

peer-reviewed literature to map the advancements
in materials science, innovations in aerodynamics,
smart technologies, and sustainability, with a view to
informing research and practice in the years to come.

(1

Evolution of Blade Design

Traditional vs. Modern Blades

Turbine blades were initially made of fiberglass-
reinforced plastics, with a focus on structural
reliability rather than optimal aerodynamics. In
recent years, blade design has focused more and
more on length and form to result in optimal power
in varying wind conditions. [1]

Emergence of Toroidal Blades

Toroidal blade configurations have been a
revolutionary innovation. The blades include a
coiled, rounded tip that enhances aerodynamic
efficiency by modifying the patterns of air flow,
minimizing sound considerably and enhancing
energy capture potential. This design is a new
paradigm of efficiency in wind turbine innovation. [2]
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Materials Science Innovation

Thermoplastic Composites

The use of thermoplastic composites brings with it
many advantages: recyclability,

Weld ability, and resistance to mechanical stress. Its
use in turbine blades enables lighter and more
efficient structures and overcomes the issues of
lifecycle management. [3]

Bio-Based and Recyclable Materials

To reduce environmental impact, manufacturers are
exploring bio-based composites and recyclable
polymers. These materials support the development
of sustainable turbine components, reducing landfill
waste and promoting circular economy principles in
wind energy. [4]

Technological Enhancements

Smart blade systems

Smart blades feature embedded sensor and active
control systems. Sensors and control systems
embedded within them monitor blade and wind
conditions in real time to adjust dynamically to
ensure maximum efficiency and lifespan. [5]

Additive Manufacturing

The development of 3D printing technologies and
the use of automated fiber placement have made the
manufacture of intricate blade shapes with minimum
material losses a possibility. Such technologies also
facilitate the tailoring of blade profiles to suit site
conditions. [4]

Environmental & Lifecycle Considerations

Blade disposal is also becoming a priority with
increasing numbers of blades coming to the end of
their lifespan. R&D into recyclable materials and
modular blade construction has increased to reduce
environmental effects and optimize dismantling and
recycling. [4]
Comparative Examination of Recent
Research

Recent research shows agreement that there is a
need for aerodynamics innovation and material
sustainability. Research stresses the necessity of
hybrid composite technologies and integrated

sensor systems, but disagrees concerning the

, Engineering and Techt

economic  viability of

thermoplastic.

mass adoption  of

Future Directions

Areas of potential focus include:

Development of ultra-long blades (>100 meters),
Adaptation design for floating offshore platforms,
Al-inspired performance improvement, Full-cycle
recyclable blade systems [1] [5]

Horizontal axis wind turbine (HAWT)

HAWT takes power of wind from one direction and
works to convert it into rotational power then
electricity in generator, but it needs a yaw system on
the contrary that VAWT does not need yaw. VAWT is
easier to maintenance than the HAWT because it is
proximity to the surface of the earth and its lack of
need for high-altitude equipment and because of its
small capacity compared to HAWT. In HAWT the
generator is in the top of the tower in order to obtain
the rotational force directly from the rotating part,
and a gearbox may also be available to determine
the speed of rotation of the generator and control it
in order to maintain the integrity of the parts,
especially the generator. In some cases, an increase
in the altitude above the earth’s surface of 10 meters
is accompanied by an increase in wind speed of 2%
which means an increase in electricity production by
34%. HAWT Also, has developed very significantly
and is used in largescale wind farms. [6]

HAWT has the advantage that it does not need
external starting, which means that it is a selfstarting
machine, as well as the aerodynamic loads are fixed
to a large extent, which facilitates handling and
reduces their danger. Many materials such as iron,
aluminium, zinc, copper, titanium, nickel and
fiberglass entering the turbine industry HAWT and
VAWT as well as some natural biological compounds
and thermoplastics are used in the manufacture of
blades. In fact, there are two main types of noise
produced by wind turbines, which are tow
mechanical, and aerodynamic noises. Work began a
relatively long time ago to reduce this noise, which
is considered a type of audio pollution, and
determining the source of this noise is the first step
to overcome.
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Vertical axis wind turbine (VAWT)

There is a topic that should be noted when studying
wind turbines, which is aspect ratio AR. It is defined
as that the ratio between Length of the blade and
the radius of the rotor. In the case of the HAWT it has
a fixed Aspect ratio since the rotor has a regular
circular shape, on the contrary, VAWT can have a
large blade length and a small radius, or vice versa,
and this means that it has a different aspect ratio and
is not necessarily equal to one, as is the case of the
HAWT. VAWT extracts wind energy that flows from
every direction and is suitable for difficult working
conditions and in urban areas and can also, be
placed at a certain height without problems for
pedestrians and vehicles. VAWT is usually used for
low load requirements, unlike the HAWT which is
usually used for remote areas and in the offshore
witch works in undisturbed wind conditions and
clean. Most of the research and experiments
conducted on the VAWT began in the seventies and
80th of the last century. The capacity of the VAWT
can reach to 6 Mw of power as well as have total
mass of 550 ton, it is compatible with an interactive
pitch control system. Also, the VAWT s suitable for
floating marine applications due to its low centre of
gravity, which gives it stability in those applications
like boats. Figure 8 shows VAWT installed in sea
which it is did not need to yaw mechanism, it is
catching the attack wind from any direction. VAWT
maybe it has pitching control as the sea have no
particle that impede movement of wind. HAWT have
more amount of energy production unlike VAWT it's
until now use for small scale application, which can
reach to 6 Mw of power. HAWT can reach to 20 Mw
of power. HAWT it is achieved great growth from the
80s until now. Both types can be equipped with a
power control system.

[T e———

Figure 1: Diagram showing some types of
wind turbines and their rotor power
coefficient and tip speed ratio. [E]
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Figure 2: Wind turbines power according
wind velocity [6]

HAWT and VAWT comparative

At the beginning the torque is greater in the HAWT
than in the VAWT. The sites which can install the
turbine on is the same but cannot install HAWT in
cities due to noise and yawing is not easy in that,
Blade material the same but oldest the HAWT blade
made ofwood. VAWT have ability of expanded more
than the HAWT. Durability is higher in the VAWT
than the HAWT. Capacity of the wind turbine
become larger and larger but so far HAWT become
the bigger, noise become from HAWT higher than
once VAWT. Aerodynamic performance better in the
HAWT than VAWT, all HAWT exploiting the lifting
force as major force but in the VAWT become
dragging force, not easily to do maintenance for
HAWT due to altitude above ground, yaw control
important in HAWT to catch the wind but not
required in VAWT because the turbine facing wind
direction at all time. Fatigue and stress in HAWT are
higher than VAWT due to high and mass, power
coefficient in the HAWT higher than VAWT rise to 0.5
facing 0.4 in the VAWT. Tip speed ratio in the HAWT
higher than VAWT rise to 14.3 facing 5.1 in VAWT.
Peak efficiency in HAWT higher than VAWT rise to
50% facing 40% in VAWT, altitude above ground
level in the HAWT higher than the VAWT. Use of
HAWT for pumping water and electricity generation
but VAWT uses for anemometer device, cooling
device in vehicles, flatter ventilator, and electricity
generation. Selfstarting in the HAWT is available
facing VAWT is not suitable. Manufacture material in
the HAWT is iron, aluminium, zinc, copper, titanium,
nickel, fiberglass and wood. Nominal wind speed in
the HAWT is lower, which the increase in wind speed
more danger due to capacity and stress, in the VAWT
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normal wind speed is higher, which increase in wind
speed less danger due to capacity and stress. The
HAWT have fixed aspect ratio (AR) equal to one,
unlike VAWT have several AR due to dimension of
rotor and it is radius. Yow and pitch control taken
into account. The HAWT have higher mass than the
VAWT. Also, all types have power control system.

Table 1: Comparison of efficiency between some
types of HAWT and VAWT [6]

Design Orientation  Use The main  Peak
acting efficiency%
force

Cup VAWT Modern cup Drag 8%

as

Anemometer
Savonius VAWT Flettner Drag 16%
rotor ventilator,

cooling

device in

vehicles

Dutch HAWT 16" century Lift 27%

windmill to pumping

water
American HAWT  18™ century Lift 31%
wind to pumping
turbine water and

electricity

generation
Darrieus VAWT 20" century Lift 40%
rotor to electricity

generation
Oneblade HAWT  20% century Lift 43%
rotor to electricity

generation
Towblade HAWT 20" century Lift 47%
rotor to electricity

generation
Threeblade HAWT  20™ century Lift 50%
rotor to electricity

generation

Onshore vs offshore wind energy

Based on the geographical locations, resources of
wind across the world can be classified into two
categories: one that arises from an onshore locations
while another arises from an offshore locations.
Consequently, wind energy production may rely on
onshore and offshore wind farm industries. A greater
amount of wind energy has been produced with
onshore wind farm industries for several decades,
and it is a well matured alternative for maximizing

wind power generation. On the other hand, offshore
wind energy production is presently receiving
increasing recognition due to its robust and reliable
wind speeds, inappreciable harm to the surrounding
environment, limited constraints on sizes of wind
energy conversion systems, etc. In comparison to
onshore wind energy conversion technologies,
offshore wind energy conversion technologies
should be built on the ground under the sea, which
seriously requires an additionally robust bearing
structure. More robust cables are required for the
transmission of electric power, and exceptional
vessels and equipment are needed for installation
and maintenance activities. These issues bring high
costs to offshore wind power generation, which is
considerable compared to the cost associated with
onshore wind power deployment. [7]

Offshore wind energy production has some unique
advantages as well. Offshore wind energy conversion
systems tend to be less obtrusive than onshore
systems this primarily because their size and noise
levels can be minimized due to their location out at
the sea. Moreover, the deployment of offshore wind
energy conversion systems goes mush more smooth
compared to that of onshore wind energy
technologies. Onshore wind energy projects may
face several challenges such as the unsuitability of
transporting outsized systems components and
public protests because of different issues
associated with site selections, these issues include
health impacts such as noise and visual impacts as
well as conflict of interest over land resource use.
Hence, these challenges can put restrictions on a
number of potential areas for onshore wind energy
development. [7]

In contrast, offshore wind energy development
encourages the adoption of advanced technologies
within the industry. This improvement spans several
areas, including the construction of wind energy
systems and their integration with the electricity grid,
as well as the logistics involved in transportation,
installation, operation, and maintenance. As a result,
there’s a growing interest in enhancing how different
research domains are integrated. [8] Furthermore, a
comparison of the opportunities and challenges of
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onshore and offshore wind energies are compared
and shown in Table 2.

Table 2: A simple overview of onshore versus
offshore wind energy: Technological opportunities
and challenges [9]

Classification Opportunities Challenges
Onshore o Lowinitial O Land
cost. Limitations
. Easyto ?uedto high t
connect to a grid. an Costs
Easv 1o install and possible
asy to install. urban
* Low 0 expansions.

maintenance cost. A good
condition to
get high
efficiency.

o Noise and
visual impact
on residents

offshore +  Accessibility O for High
vast sites. installation
+  No visual and and
noise maintenance
. ¢ 0 cost.
impac Additional
issues. cost o
* Robust wind integrate with
speeds. a grid.
*  Weakwind O Complexity
shear, thus installation
creating process.

convenience to
employ shorter
towers.

Onshore & offshore wind characteristics

Onshore and offshore wind resources are influenced
by several factors that can impact how effectively we
harness wind energy for electricity generation. For
example, the average wind speed and wind power
density can fluctuate throughout the day, month, or
year, directly affecting how much wind energy can
be produced in both onshore and offshore areas.
Wind speed is caused by the movement of air that is
driven from air pressure differences, which are a

result of temperature variations in air molecules. This
mean that the wind speeds at onshore and offshore
locations can vary significantly due to the varying
temperatures at these sites. In addition, wind speeds
can be observed at various heights and the
measurements vary from low heights to high
heights. Likewise, wind power density is another
crucial factor to be considered when determining the
quality of wind energy. Just like wind speed, wind
power density is measured at different heights in
both onshore and offshore regions to determine the
suitability for wind farm installations. The variability
in wind power densities is also influenced by the
specific locations and the altitudes at which these
measurements are taken. In this section, we will
analyze the variations in average wind speed and
wind power density between onshore and offshore
sites, drawing on data from previous research.
Additionally, we'll provide brief summaries of the
modeling concepts and methods used to assess the
potential of wind energy based on the most recent
literature.
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Figure 3: onshare wind speed variaticn
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The monthly average wind speed measurements, for
both onshore and offshore locations, are taken at
specific heights of 10m, 40m, and 80m. In practice,
these measured wind speeds can be extended to
estimate wind speed ranges at various heights, even
when only a few heights are initially considered.
There are several techniques to extrapolate average
wind speeds, but the power law has been noted as a
particularly suitable and efficient method. [10]

Figure 3 [11] shows how average wind speeds
fluctuate with monthly measurements at different
heights for both onshore and offshore areas. It is
evident that, generally, as height increases, the
average wind speeds also rise in both settings.
However, the variability of average wind speeds for
onshore locations is narrower compared to the
offshore measurements, which show much more
significant fluctuations. For instance, as depicted in
Figure 3 [11], the onshore average wind speeds
during the month range from approximately 2.22
m/s to about 3.90 m/s at the 10m height and then
increase to about 6.64 m/s to 10.05 m/s at 80m.

Looking again at Figure 3, it's clear that the peak
average wind speeds onshore occur in August,
across all measured heights (10 m, 40 m, and 80 m).
On the contrary, offshore measurements, as shown
in Figure 3 [11] demonstrate a much wider range of
average wind speeds across the same heights.

For example, at a height of 10m, the monthly
averages range from about 4.15 m/s at the lower end
to 10.28 m/s at the peak, while at 80m, they vary
from roughly 6.03 m/s to 13.66 m/s. Moreover,
Figure 4 also highlights that the highest average
wind speeds offshore are recorded in November.

1000

e Power demnity st 40m ?‘\
—— Power deanity at Lhm ‘/
O Power demnity at T0m / \.

Onshore wind power density (W m:)

o
Jam Fcb Mar Apr May Jus Jul Awg Scp Oct Nov Dec
Month

Figure 5: onshore wind power density [11]
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The investigation of wind power density is essential
for estimating how much energy can be produced at
specific sites, aiding in the development of advanced
technologies for harnessing wind energy effectively.
This density provides valuable insights into the
quality of energy available both onshore and
offshore, which can be utilized to generate electricity
through improved harvesting techniques.

There are two main approaches to estimating wind
power density. The first, and more precise method,
relies on measuring average wind speeds.
Alternatively, one may opt to apply a distribution
function to calculate wind power density. Among
various options, the Weibull distribution function
[12] stands out for its simplicity, flexibility,
adaptability, and strong capability in analyzing wind
data.

For a clearer understanding, Figure 5 [11] illustrates
wind energy distributions across both onshore and
offshore locations. As shown in Figure (5) and (6), the
power densities at heights of 40 m, 50 m, and 70 m
fluctuate throughout the months. Notably, offshore
locations exhibit stronger wind speed distributions
than their onshore counterparts.

In Figure 5 [11], we can observe that the onshore
power density increases from 77.29 W/m? in June to
355.60 W/m? in August at a height of 40 m.
Conversely, in Figure 4 [11] the offshore power
density at the same height jumps from 197.22 W/m?
in May to a striking 1370.11 W/m? in November. This
trend continues at heights of 50 m and 70 m as well,
where offshore wind power density consistently
outperforms onshore figures. For instance, at 50 m,
the onshore density increases from 116.29 W/m? to
52429 W/m? while the offshore density rises
dramatically from 219.67 W/m? to 1521.55 W/m?

Similarly, at 70 m, onshore density goes from 209.13

W/m? to 917.53 W/m? in stark contrast to the
offshore density, which soars from 221.39 W/m? to
1564.90 W/m?.



Dr. Mostafa Shawky Abdelmoez, International Journal of Science,
2025, 13:3

Power & Power coeffciont curve for NMT72 IEC 1

» s
Wind speed

0 0w
[mph)

Figure 8: Power - wind speed curve [13]

Il. WIND POWER GENERATION

Wind Power Conversion System
The power output of a wind turbine, denoted as (Pw)
is determined by several key variables and is
calculated using the formula: [13]

Pw=05m RzvaCp

", n

Where “p” is the air density, "R" is the turbine radius,
"V" the wind speed and “Cp” is the power coefficient,
which quantifies the efficiency of the turbine in
converting wind energy into mechanical energy. For
the turbine considered here, (Cp) has a value of 0.48

"Cp" This coefficient is not fixed, as it depends on
two critical factors in pitch-controlled wind turbines:
the tip speed ratio (A), and the blade pitch angle (f3).

The tip speed ratio is defined as the ratio between
the speed of the blade tips and the wind speed, and
is calculated using the equation:

Variable Speed Wind Generator: Doubly-Fed
Induction and Converter Driven Generator
(DFIG).

Variable-speed wind generators are designed to
optimize the turbine’s performance across a broader
range of wind speeds. By operating at the ideal tip-
speed ratio, these systems maintain the turbine at its
maximum power coefficient, ensuring better
efficiency under

A= (REw)IV

Engineering and Techt

Where w (rad/sec) is the rotor angular speed, R is the
blade length (m), and V is the wind speed (m/s)

S

[

Figure 7: Typical power coefficient vs tip-
speed curve [13]

Wind Generator Modeling
The main distinction can be made between fixed-
speed and variable-speed windgenerator concepts.

Fixed Speed Wind Generator:
Generator).

Wind generators can generally be categorized into
two main types based on their operating speed:
fixed-speed and variable-speed systems. A fixed-
speed wind generator typically employs a squirrel
cage induction generator, which allows for only
minimal changes in rotational speed.

(Induction

Cirih

Chenr Bhows

Figure 9: Fixed speed induction generator
[13]

varying conditions.

Two of the most commonly used variable-speed
wind generator types are the doubly-fed induction
generator (DFIG) and the converterdriven
synchronous generator. Both systems utilize fast
power electronics, such as frequency converters, to
electronically control the active power output.
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This allows for more precise adjustments in response
to fluctuating wind speeds, enhancing the overall
energy capture efficiency of the turbine.

Doubly-fed induction generator.

Frequency
Converier

50 -

2L 0Gd |

Ciear Box

Figure 11: converter driven synchronous
generator [13]
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Figure 12: converter driven synchronous
generator (direct drive) [13]

Converter driven synchronous generator
Converter driven synchronous generators are
connected in series to the generator. In most
modern designs, a synchronous generator or
permanent magnet (PM) generator is used.

Converter-driven  synchronous generators are
typically connected in series with the generator, and
modern wind turbine systems often use either
synchronous generators or permanent magnet (PM)
generators.

Variable-speed wind turbines (VSWTs) are
commonly paired with technologies such as doubly-
fed induction generators (DFIG), wound field
synchronous generators (WFSG), and permanent
magnet synchronous generators (PMSG). Unlike
fixed-speed turbines, VSWTs adapt to changing wind
conditions, allowing them to operate at optimal
efficiency, especially at higher wind speeds. As a
result, they Outperform fixed-speed systems in
terms of energy capture and reliability.

Among the variable-speed options, PMSGs are
particularly advantageous due to their high energy
output, reduced mechanical stress, and lower
maintenance requirements. In PMSGs, excitation is
provided by permanent magnets, eliminating the
need for external field windings.

I1l. ENERGY STORAGE SYSTEM WITH
THE COST

Energy storage is the process of storing energy in a
form that can be used later to carry out beneficial
tasks. In this study, "energy storage devices" are
defined as those that store energy, release energy
into the environment (discharge), and receive energy
from the environment (charge). These energy
storages include chemical batteries, pumped water,
compressed air, flywheel, thermal, superconducting
magnetic energy, and hydrogen. [14]

Pumped Hydroelectric Energy Storage (PHES)
PHES uses two large water reservoirs at different
heights. When there's excess electricity (usually
during off-peak hours), water is pumped uphill to the
top reservoir. When electricity is needed (during
peak hours), water is released back down through
turbines, generating electricity just like a regular
hydroelectric dam.

Pumped-Storage Plant

Visitors Centre !l%.\s‘/ik‘igﬁi

Figure 13: Pumped hydroelectric energy
storage layout. [14]

The power capacity (W) is a function of the flow rate
and the hydraulic head

P = pgHQn
Where “p” the mass density of water in kg/m3, "g”
the acceleration due to gravity in m/s2, "Q" the
discharge through the turbines in m3 /s, "H" the
effective head in meter and "n" is the efficiency.
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Pumped hydroelectric energy storage (PHES) stands
out as one of the most established and widely
implemented forms of energy storage. The system
functions by transferring water between two
reservoirs located at different heights. Surplus
energy is used to pump water in a period of low
electricity demand. When demand increases, the
stored water is released back to the lower reservoir
through turbines, generating electricity like
traditional hydroelectric plants. One of the main
strengths of PHES is its capacity to store large
amounts of energy, often on the gigawatt scale, with
relatively high efficiency, typically ranging from 50%
to 85%.

Installation costs generally fall between $600 and
$2,000 per kilowatt of capacity. The technology is
known for its reliability, extended operational
lifespan, and low maintenance needs. However, it
does face certain limitations, particularly in terms of
site selection, as it requires specific geographical
features like significant elevation differences and
reliable water availability. Moreover, the initial capital
investment is substantial. Moving forward,
advancements in PHES are expected to focus on
modernizing existing installations with improved
technology, since constructing new sites is often
restricted by environmental and topographical
challenges.

Compressed Air Energy Storage (CAES)

Exhsust
Woaste Heas

. || —

G

Cavern

Salt Dome

Figure 14: Compressed Air Energy Starage.
[14]

Compressed Air Energy Storage (CAES) is a method
of storing energy by using electricity to compress air
and store it in underground caverns. When there is
an electricity demand, the compressed air is
released, combined with a small amount of natural
gas, and then expanded through turbines to produce
power.

, Engineering and Techt

This process allows CAES systems to deliver energy
on a large scale, typically operating with an efficiency
range of 64% to 75%. The cost of installing such a
system is generally between $425 and $450 per
kilowatt of capacity. CAES is well-suited for bulk
energy storage and can respond quickly to energy
demands, with the added advantage of being less
affected by ambient temperature changes. However,
it still depends on fossil fuels for reheating the air,
and its deployment is geographically constrained by
the requirement for appropriate underground
storage formations, such as salt caverns. Looking
ahead, CAES holds significant potential, especially in
regions with suitable geological conditions, and
could play a vital role in supporting renewable
energy systems through large-scale energy storage.

Lead-Acid Batteries (LA)

Figure 15: Lead-Acid Batteries [14]

Lead-acid batteries, among the oldest and most
widely used rechargeable battery technologies,
operate based on a chemical reaction between lead
plates and sulfuric acid. They are come in two forms
the flooded lead-acid (FLA) and the valve-regulated
lead-acid (VRLA).

Known for their low initial cost, quick response, and
ability to handle both short and extended discharge
cycles, these batteries are commonly found in
backup power systems and off-grid energy setups.
Installation costs typically range from $200 to $580
per kilowatt. The main advantages of lead-acid
batteries include their simplicity, affordability, and
well-established  manufacturing  infrastructure.
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However, they also come with drawbacks such as
sensitivity to temperature variations, relatively short
service life, and slower recharging times. While not
the best choice for large-scale grid energy storage,
lead-acid batteries continue to serve an important
role in cost-sensitive and critical applications,
particularly in emergency power supplies and
remote installations.

Nickel-Cadmium (NiCd) Batteries

It operates through a chemical reaction between
nickel oxide hydroxide and metallic cadmium.
Renowned for their durability and reliability, these
batteries can perform efficiently across a broad
temperature range.

They are characterized by rapid response times and
a long operational lifespan, often reaching 1,000 to
3,500 charge-discharge cycles and lasting up to 15
years. With an average cost of around $600 per
kilowatt, NiCd batteries are especially valued for
their robustness and capacity to deliver high power
output in short bursts. These qualities make them
well-suited for applications where performance
stability and longevity are essential.

Figure 16: Nickel-Cadmium batteries [14]

Sodium-Sulfur (NaS) Batteries

Sodium-sulfur (NaS) batteries utilize molten sodium
and sulfur as electrodes, separated by a solid ceramic
electrolyte. To function properly, they must operate
at high temperatures typically above 300°C to keep
the materials in a molten state. These batteries are
noted for their high energy density, compact form,
and impressive round-trip efficiency, which often

exceeds 85%. The estimated cost is $810 per
kilowatt.

NaS batteries are well-suited for longduration
energy storage applications, offering strong cycling
performance that supports grid stability and the
integration of renewable energy sources. However,
they come with challenges, including the need for
complex thermal management, safety risks due to
the reactivity of the materials, and reliance on high
operating temperatures.

Despite these limitations, the outlook for sodium-
sulfur batteries remains promising, particularly in
countries like Japan where they have already been
deployed in largescale energy storage systems. As
production scales up, the cost is expected to decline,
further enhancing their competitiveness in the
energy storage market.

Vanadium Redox Flow Batteries (VRFB)

VRFB stores energy using vanadium ions in varying
oxidation states within liquid electrolytes. These
electrolytes are circulated through a cell stack, where
energy is either stored or released during charging
and discharging cycles. A key advantage of this
technology is the distinct separation between power
and energy capacities, allowing for exceptional
scalability and customization based on application
needs.

The system typically costs around $1,828 per
kilowatt, with energy capacity costs ranging from
$300 to $1,000 per kilowatt-hour. VRFBs offer several
benefits, including a long cycle life, quick switching
between charging and discharging modes, and
enhanced safety due to their non-flammable,
reusable electrolytes. However, the complexity of the
system and high upfront costs remain significant
challenges.

As technology advances and manufacturing
expands, vanadium redox flow batteries are
expected to play an increasingly important role in
supporting renewable energy integration and
stabilizing large-scale power grids.
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Zinc-Bromine (Zn-Br) Flow Batteries
Zinc-bromine flow batteries store energy through a
process in which zinc is electroplated onto an
electrode during charging and then dissolved back
into the electrolyte during discharge.

GENERATOR LOAD
)
POSITIVE
ELECTR.
OLYTE 1
TANK ”
V“ |
SO\ LD\
& &
PUMP PUMP

This operation takes place within a modular system
composed of separate electrolyte tanks and a central
cell stack. Compared to other flow batteries, zinc-
bromine systems offer higher energy density,
making them a strong candidate for supporting
renewable energy sources. The cost of power
capacity is approximately $639 per kilowatt, while
energy capacity costs about $400 per kilowatt-hour.
These batteries are known for their scalability, long

cycle life, and ability to fully discharge without
causing damage. However, they face limitations in
scaling up for very large installations and require
occasional membrane replacement due to
degradation over time. Despite these challenges,
zinc-bromine batteries are gaining traction in
applications such as solar and wind energy storage,
particularly in modular setups located near the
energy generation points.
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Figure 19: Zind-bromine battery [14]

Flywheel Energy Storage (FES)

Flywheel energy storage systems (FES S) store
energy in the form of kinetic energy by spinning a
rotor at high speeds inside a vacuum-sealed
chamber. When electricity is needed, the rotor's
speed is reduced, and the stored kinetic energy is
converted back in to electrical power. These systems
are known for their rapid response time, high power
output, and exceptional longevity often lasting more
than 20 years.

Cost varies significantly depending on the system
type, ranging from $200-$300 per kilowatt-hour for
low-speed models to as high as $25,000 per
kilowatt-hour for advanced highspeed units. FES
offers key advantages such as long life, low
maintenance requirements, and environmental
safety due to its non-chemical nature.

Despite these limitations, flywheel systems are
increasingly being adopted in uninterruptible power
supply (UPS) applications and grid frequency
regulation, the energy density within a flywheel is
defined as the energy per unit mass:

Where "Er is the total kinetic energy in J. "I" the

moment of in ertia in kg/m 2, "w" the angular
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velocity of the flywheel in rad/s, "m" the mass of the
flywheel in kg and"r" is the radius in meters
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Figure 20: Schematic diagram of FESS [14]
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Super capacitors (SCES)

They store energy by creating electric fields between
two conductive plates. This setup allows them to
charge and discharge almost instantly, making them
ideal for high-power, short-duration applications.
With efficiency levels reaching up to 95% and cycle
lifespans that can exceed one million
chargedischarge cycles, super capacitors are known
for their rapid response and exceptional durability.
However, they have a relatively low energy density
compared to traditional batteries, and their cost
remains high—ranging from $12,960 to $28,000 per
kilowatt-hour.

Despite these limitations,

The basic working principle of a capacitor involves
two parallel plates holding opposite charges; this
induces an electric field where energy is stored, with
the energy content calculated using the standard
capacitor energy formula.

Capacitors consist of two parallel plates that are
separated by a dielectric insulator (see Fig. 14). The
plates hold opposite charges which induce an
electric field, in which energy can be stored. The
energy within a capacitor is given by:

_ov
)

Superconducting Magnetic
(SMES)

They store energy in the magnetic field, which is
generated by a direct current. These systems can
deliver or absorb energy within milliseconds, making
them incredibly fast and highly efficient with
efficiencies reaching up to 99%.

E

Energy Storage

Installation costs generally range from $300 to $509
per kilowatt. To function properly, SMES units
require cryogenic cooling to maintain the
superconducting state, adding complexity and
increasing operational costs. Despite this,

SMES is highly effective in maintaining power
quality, such as voltage and frequency stabilization
during sudden fluctuations in electricity demand.
Looking ahead, advancements are expected to focus
on reducing the cost and complexity of cooling
systems, and on developing compact SMES units for
grid-side and industrial use, where high-speed and
precise energy control are crucial.

The amount of energy stored in the coil can be
calculated using the formula for electromagnetic
energy storage.

Where "E" is the energy stored within the inductor
(in J), "I” the current applied, and "L"

Where "E" is the energy stored within the capacitor

(in J), "V" the voltage applied, and "C" is the
capacitance. [14]
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Figure 22: Super capacitor energy storage

Figure 23: Superconducting magnetic energy
storage device [14]

Hydrogen storage

There are several methods currently used to store
hydrogen, each with its own set of benefits and
limitations.

One common technique is compression, where
hydrogen gas is stored in high-pressure containers
or underground reservoirs.

This method is relatively simple but suffers from low
energy density and moderate efficiency
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Figure 24: Schematic diagram for SMES [14] (around
65-70%), with storage costs ranging

Hydrogen Energy Storage System (HESS)
Hydrogen energy storage involves converting
surplus electricity often generated from renewable
sources such as solar or wind into hydrogen gas via

electrolysis, a process that splits water into hydrogen
and oxygen. Then, the produced hydrogen is stored
as a compressed gas, a cryogenic liquid, or a
chemical compound. When energy demand arises,
the hydrogen can be used to produce electricity by
combusting it in a turbine or feeding it into a fuel
cell, which generates electricity without combustion.
Although the cost of electrolyzers and hydrogen
storage systems remains high, ranging between
$1,000 and $3,000 per kilowatt depending on the
configuration, ongoing technological advancements
and economies of scale are expected to bring costs
down. One of hydrogen’s key advantages is its
potential to store and transport energy over long
durations and distances, making it a flexible solution
for balancing renewable energy supply and demand.
However, the technology faces challenges such as
relatively low round-trip efficiency (typically 30%-—
40%), energy losses during conversion processes,
and safety risks due to the highly flammable nature
of hydrogen gas.

from $11 to $15 per kilowatt-hour. Another option is
liquefaction, which involves cooling and pressurizing
hydrogen to convert it into a liquid state.

While this significantly increases the energy density,
it's still about four times lower than that of gasoline,
and the process is highly energyintensive, requiring
temperatures below 20.27 K to maintain the liquid
form.

A more advanced approach involves the use of metal
hydrides, where materials such as nanostructured
carbons and clathrate hydrates absorb hydrogen
molecules. This method offers safer, more compact
storage and easier transport, although it often
comes with higher material costs and complex
handling requirements. [14]

CONCLUSION

Wind turbine technology is making impressive
strides lately. Innovations in blade design, better
turbine types, and smarter choices about where to
install them are all contributing to greater efficiency.
On top of that, adding energy storage systems helps
make wind energy more reliable. This positions wind
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energy as a crucial player in our shift towards a more
sustainable energy future for the world.
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