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Abstract:  This  comprehensive review  examines
supercapacitors as advanced energy storage devices,
focusing on their construction, working principles, and
various types. Supercapacitors bridge the gap between
conventional batteries and standard capacitors, offering
unique combinations of high-energy storage capacity and
rapid power delivery. The study analyzes their performance
metrics, including maximum energy (Emax) and maximum
power (Pmax), while addressing current limitations in
stability, electrochemical potential windows, and operational
lifespans. The research explores different capacitor
technologies, including ceramic, electrolytic, film, polymer,
hybrid, and glass capacitors, examining their distinct
characteristics and applications. Current commercial
supercapacitors, typically utilizing aqueous or organic
electrolytes with activated carbon electrodes, achieve energy
densities of 4-5 Wh kg! and power densities of 1-2 kW kg™
The paper highlights significant applications in automotive
industries, particularly in hybrid and electric vehicles, where
over 600,000 vehicles currently employ supercapacitors in
stop-start systems. This review also addresses manufacturing
processes and emerging trends in solid-state supercapacitors,
suggesting potential pathways for future development in
energy storage technology.

Keywords: Double-layer capacitance, Electrode materials,
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1. INTRODUCTION

Supercapacitors, or electrochemical capacitors, are advanced
energy storage devices designed to fill the gap between
conventional batteries and standard capacitors [1]. They
combine the high-energy storage capacity typically associated
with batteries and the rapid power delivery characteristic of
conventional capacitors. This unique combination makes them
highly desirable for a diverse range of applications, including
power backup systems in hybrid electric vehicles (HEVs),
portable electronic devices, medical equipment, and military
hardware. However, the widespread adoption of supercapacitors
faces a significant challenge: their performance limitations [2].
These include issues with stability, restricted electrochemical
potential windows, and relatively short operational lifespans.

These limitations are largely influenced by the properties of the
electrolytes used in the supercapacitors [3]. The performance
of a supercapacitor can be quantified using two key metrics:
maximum energy (Emax) and maximum power (Pmax). These
are defined by the following equations: Emax = (CV?) / 2 and
Pmax = V?/ (4R). In these equations, C stands for capacitance,
V denotes the cell voltage, and R represents the total equivalent
series resistance [4]. These formulas highlight the critical role
that voltage plays in determining both the energy and power
capabilities of supercapacitors, underscoring the importance
of developing electrolytes that can support higher operating
voltages while maintaining long-term stability and performance
[5]. Developing high-performance supercapacitors requires
improving energy and power densities, enhancing safety, and
extending their lifespan. It is important to address the limitations
of current electrode materials and organic electrolytes [6].
Commercial supercapacitors today primarily use aqueous
or organic electrolytes, both of which have restrictive
electrochemical windows. This constraint results in low cell
voltages - Aqueous electrolytes typically allow a voltage
of around 1.2 V, while organic electrolytes permit a higher
range of 2-3 V, which limits the energy and power densities
achievable by these devices [7]. Another challenge arises from
the phenomenon known as electrolyte depletion. As ions from
the electrolyte migrate into the double layers at the interfaces
between the electrode and electrolyte, they accumulate, creating
a charge separation that stores energy within the supercapacitor,
and the salt concentration in the electrolyte decreases. This
depletion reduces the capacitor’s energy density and increases
the cell’s resistance, impacting overall performance. Thereby
reducing the maximum achievable power density.

Consequently, supercapacitors currently available in the
market, which typically use these electrolytes in combination
with activated carbon electrodes, exhibit relatively low energy
density (around 4-5 Wh kg™') and power density (approximately
1-2 kW kg™") [8]. Moreover, certain organic electrolytes pose
significant safety risks due to their volatile, flammable, and
toxic nature, which limits their operational temperature range
[9]. Looking ahead, the next generation of portable devices will
necessitate solid-state supercapacitors that provide high energy
and power densities. Along with the flexibility to adapt to various
design and power requirements [10]. These advancements are
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necessary to overcome the limitations of current technologies
and meet the evolving needs of modern electronic devices [11].
Supercapacitors are being investigated as a viable alternative to
conventional batteries for electric vehicles. Also referred to as
electrochemical capacitors, supercapacitors, or ultracapacitors,
these electrical components are designed to store and manage
precise amounts of energy [12]. The development of these
devices started in the 1950s, with initial experiments carried out
by American companies General Electric (GE) and Standard
Oil of Ohio (SOHIO) during the 1950s to 1970s. The early
electrochemical supercapacitors achieved capacities of around
1 Farad [13]. SOHIO patented this type of supercapacitor in
1971. The first commercially available supercapacitor, known as
the “Gold Cap,” was launched by Panasonic in 1982. However,
this early model was characterized by a high equivalent series
resistance (ESR) [14]. The history of supercapacitors spans
several decades, highlighting the gradual improvement in their
design and performance. From their humble beginnings with
capacities around 1 Farad to their current status as potential
alternatives to conventional batteries in electric vehicles,
supercapacitors have undergone significant development
[15]. This evolution reflects the ongoing efforts to enhance
energy storage technologies for various applications, including
Supercapacitors find applications in scenarios requiring rapid
storage or release of substantial energy [16]. Today, their main
application is in the automotive industry, particularly in Hybrid
Electric Vehicles (HEVs), Electric Vehicles (EVs), and Fuel
Cell Vehicles (FCVs), including passenger cars, trains, and
trolleybuses [17]. Another important area of application is in
electronic devices, especially in Uninterruptible Power Supplies
(UPS) and volatile memory backups for personal computers.
Furthermore, supercapacitors serve a complementary function
alongside traditional batteries in energy harvesting systems,
such as solar panels and wind turbines. [18]. The automotive
industry’s adoption of supercapacitors offers numerous
benefits. In hybrid electric vehicles, these devices enhance
efficiency in several ways. Modern hybrid vehicles often
feature a system that completely shuts off the engine when the
vehicle comes to a stop and then efficiently restarts it using
energy stored in supercapacitors. Currently, over 600,000
Hybrid Electric Vehicles (HEVs) employ supercapacitors in
their stop-start systems [19]. Some manufacturers have also
created supercapacitor-based alternatives to traditional vehicle
batteries. These designs include supercapacitors connected in
parallel with a smaller lead-acid battery, aiming to handle peak
power demands, such as during engine starts, thus minimizing
overall energy consumption from the batteries [20].

This innovative application of supercapacitors in the
automotive sector highlights their potential to enhance
energy efficiency and performance across a range of vehicle
types, including hybrid and electric cars as well as public
transportation systems. Batteries live longer when discharge
is small and consistent. Supercapacitors in a “hybrid lead-acid
battery” design balance energy demands on the battery. Battery

technology, despite its widespread use in applications ranging
from toys to medical implants, faces several challenges.
These include short lifespan, limited power density, slow
charging, overheating issues, and environmental concerns.
Supercapacitors (SCs) have emerged as a promising option in
the field of energy storage.

These devices uniquely combine the properties of batteries and
traditional capacitors, featuring extraordinarily high capacitance
in a single unit. Recent advancements in supercapacitor
technology have displayed its potential to transform energy
storage systems. Compared to conventional batteries or
capacitors, supercapacitors offer notable benefits [21]:

e Swift  Charging:  Supercapacitors can
significantly faster than standard batteries.

recharge

o [Lfficient Energy Release: They can discharge power in a
manner akin to traditional batteries.

o Lightweight Design: Generally, supercapacitors weigh
less than their conventional counterparts.

e Eco-Friendly  Attributes:  They  present
environmental hazards than many battery types.

fewer

The continuous evolution and improvement of supercapacitors
underscore their increasing significance in energy storage. As
this technology matures, it shows promise in addressing many
shortcomings of current battery systems. This progress opens
doors to more efficient and sustainable energy solutions across
diverse industries and applications, potentially reshaping the
future of energy storage and utilization [22].

II. CONSTRUCTION AND WORKING OF
SUPERCAPACITOR

Supercapacitors (SCs) differ from traditional capacitors in their
energy storage mechanisms. While conventional capacitors
store energy by electron transfer between electrodes, SCs utilize
advanced materials to achieve higher capacitance. Carbon-
based SCs leverage the electric double-layer effect, capitalizing
on their increased surface area. In contrast, SCs using metal
oxides or polymers primarily employ pseudo-capacitance for
charge storage [23]. Although SCs and electrolytic capacitors
share fundamental capacitance principles, SCs achieve superior
performance due to their thinner dielectric layers and electrodes
with greater surface area. This unique configuration allows SCs
to effectively bridge the gap between batteries and traditional
capacitors regarding energy and power density [24]. The
Ragone plot visually represents the performance characteristics
of different energy storage devices. On this graph, SCs occupy a
middle ground between batteries and capacitors. This positioning
highlights their distinctive advantage: the ability to deliver high
power output in short time frames, making them invaluable
for applications with such requirements [25]. Supercapacitors
(SCs) utilize a unique configuration where a dielectric material
separates carbon-based electrodes, functioning as both an
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insulator and a performance-influencing component. Unlike
conventional capacitors, SCs store charges electrostatically.
When voltage is applied, the resulting electric field polarizes
the electrolyte, causing ions to diffuse through the dielectric to
the oppositely charged porous electrodes. This forms an electric
double layer at each electrode, effectively decreasing the inter-
electrode distance while increasing the electrode surface area
[26]. The energy storage capacity of supercapacitors (SCs)
is influenced by the active material of the electrolyte. The
electrode surface area and the utilization rate of the porous
electrode’s micro-holes. This mechanism allows SCs to achieve
higher capacitance and bridge the gap between batteries and
traditional capacitors in terms of energy and power density,
making them particularly valuable for applications requiring
rapid, high-power energy delivery [27]. Supercapacitors are
energy storage devices that consist of two porous electrodes,
usually constructed from high-surface-area carbon materials,

with an electrolyte and a thin, porous membrane in between.
When a voltage is applied, ions from the electrolyte move
towards the oppositely charged electrodes, creating an electric
double layer at the electrode-electrolyte interface. This double
layer stores energy electrostatically without any chemical
reactions, enabling rapid charging and discharging cycles.
Additionally, some supercapacitors utilize pseudocapacitance,
which involves fast and reversible redox reactions at the
electrode surface to enhance charge storage. This design allows
supercapacitors to achieve high power density and long cycle
life, effectively bridging the gap between traditional capacitors
and batteries. Their performance is primarily influenced by
the surface area of the electrode material, the properties of the
electrolyte, and the characteristics of the separator, making
them ideal for applications that require quick bursts of power
[28].
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Fig. 1: Construction of Supercapacitors

III. How SUPERCAPACITORS ARE MADE?

Supercapacitors are manufactured through a multi-step
process that combines precision engineering with advanced
materials science. The production begins with the preparation
of electrodes, typically employing carbon-based materials
such as activated carbon, graphene, or carbon nanotubes
[29]. These materials are mixed with binders and conductive
additives to create a paste, which is then applied to metal
foil current collectors, usually made of aluminium or copper.
After drying and cutting, these electrodes are paired with a

carefully prepared separator — a porous material designed to
prevent direct contact between the electrodes while allowing
ion movement [30]. Simultaneously, an appropriate electrolyte
solution is prepared, which can be aqueous, organic, or an
ionic liquid, depending on the desired characteristics of the
final product. The assembly phase involves stacking or rolling
the electrodes with the separator between them, placing this
structure in housing, and adding the electrolyte. The unit is
then meticulously sealed to prevent leakage and contamination.
Following assembly, the supercapacitor undergoes a
conditioning process involving initial charging and discharging
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cycles to stabilize its performance [31]. Quality control is a
crucial final step, where each unit is rigorously tested for key
parameters such as capacitance, internal resistance, and leakage
current. Once approved, the supercapacitors are packaged and
labelled for distribution. This intricate process, which may
vary slightly among manufacturers and for different types of
supercapacitors, combines materials science, electrochemistry,
and precision engineering to create these high-performance
energy storage devices. Supercapacitor manufacturing begins
with electrode preparation, where carbon materials are mixed
with binders and conductive additives, and then applied to
current collectors. Simultaneously, the electrolyte is prepared,

and a porous separator is cut to size. The assembly process
involves layering the electrodes and separator, then rolling or
stacking them into the desired shape. This assembly is inserted
into a casing, filled with electrolytes under controlled conditions,
and sealed to prevent leakage. The sealed unit then undergoes
conditioning through initial charge-discharge cycles to stabilize
performance. Finally, each supercapacitor is rigorously tested
for capacitance, internal resistance, and leakage current before
being packaged and labelled for distribution. Throughout the
process, manufacturers may employ proprietary techniques to
enhance performance or efficiency, but these core steps form
the basis of most supercapacitor production methods [32].
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Fig. 2: A Schematic Diagram of a Supercapacitor at the Charged State
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IV. TyPES OF CAPACITORS

Capacitors are vital components in electronic circuits, storing
electrical energy in an electric field. With rapid advancements

in technology, capacitors have evolved in terms of materials,
construction techniques, and performance.
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Fig. 4: The Family Tree of Supercapacitor Types Includes Double-Layer Capacitors, Pseudocapacitors, and Hybrid Capacitors,
Which are Categorized Based on Their Electrode Designs

A. Ceramic Capacitors

Ceramic capacitors are widely used passive electronic
components that store electrical energy in the form of an electric
field. They are characterized by their use of ceramic material
as the dielectric, which provides several advantages, including
small size, high capacitance stability, and low cost. Due to
these properties, ceramic capacitors are found in a variety of
applications, including power supply filtering, signal coupling,
decoupling, and high-frequency circuit design.

Ceramic capacitors are constructed with a ceramic dielectric
material sandwiched between two conductive plates
(electrodes). The ceramic material is usually composed of
titanium dioxide (TiO,) or barium titanate (BaTiO;), which are
known for their high dielectric constant. This high dielectric
constant allows for a relatively large capacitance in a small
physical package. The electrodes are typically made from
metals such as silver, palladium, or copper.

There are two main categories of ceramic capacitors based on
the dielectric material.
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e Class I Ceramic Capacitors: These capacitors offer high
stability and low losses, making them suitable for high-
frequency applications. Class I capacitors are typically
made with low-loss ceramics, such as titanium dioxide,
which allows them to maintain their capacitance over a
wide range of temperatures and frequencies [33].

e Class Il Ceramic Capacitors: Class Il capacitors offer
higher capacitance values but are less stable in terms
of temperature and voltage dependence. They are often
made with high-permittivity ceramics like barium
titanate, which allows for higher capacitance densities.
Class II capacitors are commonly used in decoupling and
bypass applications where capacitance stability is less
critical [34].

Ceramic capacitors store energy by accumulating electrical
charges on the plates separated by the ceramic dielectric.
When a voltage is applied across the capacitor, an electric
field is generated within the dielectric material, which causes
the charges to accumulate on the electrodes. The charge

stored in the capacitor is directly proportional to both the
capacitance and the applied voltage. The ceramic material used
in the dielectric determines the capacitor’s capacitance value,
voltage rating, and temperature performance. The dielectric’s
properties, such as its permittivity, influence how well the
capacitor can store energy [35]. A study carried out by [36]
highlighted improvements in ceramic capacitors for high-
temperature automotive applications. These new capacitors
exhibit enhanced thermal stability and dielectric performance,
making them highly reliable in harsh environments. [37] Stated
that the use of advanced ceramic materials in MLCCs has
increased capacitance density and reduced size, enabling their
integration into compact devices. Their low equivalent series
resistance (ESR) and ability to operate at high frequencies make
them ideal for decoupling and filtering applications. However,
the sensitivity of ceramic capacitors to temperature and voltage
stress remains a challenge for their use in extreme environments.
Overall, advancements in materials science have significantly
improved the performance and reliability of ceramic capacitors,
solidifying their importance in modern electronics.
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Fig. 5: Ceramic Capacitors

B. Electrolytic Capacitors

Electrolytic capacitors are a specific type of polarized capacitor
that uses an electrolyte to attain a higher capacitance compared
to other capacitor types. They are commonly found in electronic
circuits where high capacitance is required in a compact size,
making them essential in power supplies, audio systems, and
filtering applications. The key characteristic of electrolytic
capacitors is their high capacitance-to-volume ratio, which is
achieved by using a thin dielectric layer and a liquid or solid
electrolyte.

An electrolytic capacitor typically consists of an anode made
from metal, usually aluminium or tantalum, covered by an
oxide layer that serves as the dielectric. The electrolyte, which
can be liquid or solid, functions as the cathode. The oxide layer
is extremely thin, which allows for a high capacitance value in a

compact size. Capacitance is directly proportional to the surface
area of the anode and inversely proportional to the thickness of
the dielectric, leading to the high capacitance values commonly
seen in these capacitors [38].

There are three main types of electrolytic capacitors based on
the metal used for the anode.

o  Aluminum Electrolytic Capacitors: These are the most
common type and are known for their cost-effectiveness
and large capacitance range. Aluminium capacitors are
typically used in power supplies and energy storage
applications [39].

o Tantalum Electrolytic Capacitors: Tantalum capacitors
are more expensive than aluminium but offer better
stability, higher capacitance per unit volume, and
longer life spans. They are often used in high-reliability
applications such as aerospace and medical devices [40].
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o Niobium Electrolytic Capacitors: Niobium capacitors are
less common but have been developed as an alternative
to tantalum capacitors. They provide similar performance
and are used in applications where tantalum’s availability
or cost is a concern [41].

Electrolytic capacitors store electrical energy by accumulating
charges on the opposite surfaces of the dielectric material.
When a voltage is applied, positive ions in the electrolyte move
towards the anode, and negative ions move towards the cathode,
creating an electric field across the dielectric. The polarity of
electrolytic capacitors is essential for their correct operation.
Applying reverse voltage can damage the oxide layer, leading

to capacitor failure. Therefore, they are often marked with a “+”
or “-” symbol to indicate proper installation [42].

[43] Stated that these capacitors are recognized for their
high volumetric efficiency, allowing for larger capacitance in
compact sizes. However, one drawback is their relatively high
equivalent series resistance (ESR), which can limit performance
in high-frequency applications. [44] Asserted that their
polarity makes them unsuitable for AC applications. Recent
developments have focused on improving the longevity and
reliability of these capacitors, particularly in power supply and
energy storage systems. Electrolytic capacitors remain critical
components in power electronics, especially for smoothing out
voltage fluctuations in power supplies and audio circuits.
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Fig. 6: Electrolytic Capacitors

C. Film Capacitors

Film capacitors are a type of capacitor that employs thin
plastic films as the dielectric material. They are renowned for
their outstanding electrical properties, including low dielectric
loss, high insulation resistance, and stability over time. These
characteristics make them ideal for various applications in
power electronics, automotive systems, industrial applications,
and beyond. Their versatility and reliability have established
them as one of the most commonly used types of capacitors in
contemporary electronics.

Film capacitors consist of a plastic dielectric film, such as
polypropylene (PP), polyester (PET), or polycarbonate,
sandwiched between two metal electrodes. The film is either
wound into a cylindrical shape or stacked in a flat configuration,
depending on the application requirements. The dielectric
material determines many of the capacitor’s characteristics,
such as capacitance, voltage rating, and temperature stability
[45]. When voltage is applied to a film capacitor, an electric
field is generated across the dielectric film, causing charge

separation on the electrodes. The capacitor stores energy in this
electric field until the voltage is removed, allowing it to release
the stored energy. One of the advantages of film capacitors is
that they do not rely on chemical reactions for energy storage,
which enhances their longevity and cycle life compared to
electrolytic capacitors [46].

Film capacitors are broadly classified based on the type of
dielectric film used.

e Polypropylene (PP) Capacitors: These are among the
most commonly used film capacitors, thanks to their low
dielectric loss and high insulation resistance. They are
suitable for high-frequency and high-voltage applications,
such as power supplies and inverters [47].

e Polyester (PET) Capacitors: Polyester capacitors offer
a higher dielectric constant than polypropylene, which
allows for smaller capacitor sizes. However, they have
slightly higher dielectric losses and are less stable at high
temperatures, making them ideal for general-purpose
applications [48].
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e Polycarbonate Capacitors: These capacitors provide
excellent temperature stability and are used in precision
timing and filtering applications, although they are less
common due to the high cost of polycarbonate materials
[49].

[50] mention that One of the primary advantages of film
capacitors is their excellent stability over time and across
temperature variations. Unlike electrolytic capacitors, which
may degrade or lose capacitance with time and use, film
capacitors maintain consistent performance over long periods.
[51] stated that Film capacitors exhibit very low dielectric loss,
which refers to the energy dissipated as heat when the capacitor
is charged and discharged. This low loss makes them highly
efficient and suitable for use in high-frequency applications,
such as filters, oscillators, and audio circuits. The capacitors
can handle high voltages and currents without significant
degradation. This makes them ideal for power electronics,
including motor drives, power factor correction, and renewable
energy systems, where high voltage and current demands are
common as stated by [52]. [53] explained that the capacitors
have an extremely long lifespan, often exceeding 100,000

hours under normal operating conditions. This long life is due
to the physical nature of their energy storage mechanism, which
does not involve electrochemical reactions that could lead to
degradation over time.

[45] stated that the capacitors are used in inverters, power
supplies, and converters due to their ability to handle high
currents and voltages. They play a critical role in energy
conversion and storage systems in electric vehicles, solar
inverters, and industrial motor drives. [48] Further explains that
their high stability and low loss make film capacitors ideal for
AC applications, including power factor correction and filtering
in the power grid. Film capacitors are favoured for their low
distortion and excellent frequency response, ensuring high-
fidelity signal transmission [54].

[49] contended that the primary challenge of film capacitors is
their size; film capacitors are generally larger than electrolytic
capacitors with the same capacitance, which can be a drawback
in space-constrained designs. Additionally, their performance at
extremely high temperatures may be limited compared to other
types of capacitors.
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D. Polymer Capacitors

Polymer capacitors, also known as polymer electrolytic
capacitors, are a class of capacitors that utilize a solid
conductive polymer as the electrolyte instead of the traditional
liquid electrolyte found in electrolytic capacitors. These
capacitors offer several advantages, such as lower Equivalent
Series Resistance (ESR), better frequency characteristics,
and improved reliability, making them suitable for a range
of modern electronic applications, including power supplies,
automotive systems, and high-frequency circuits.

Polymer capacitors typically consist of an anode made of a
conductive metal, often aluminium or tantalum, an oxide layer
serving as the dielectric, and a conductive polymer electrolyte
that replaces the liquid electrolyte found in traditional
capacitors. The conductive polymer, often made from materials

like polypyrrole (PPy) or polythiophene derivatives, enhances
the overall conductivity of the capacitor, reducing internal
resistance and allowing for higher efficiency in charge and
discharge cycles [60].

A study carried out by [61] found that polymer capacitors
performed exceptionally well in high-temperature automotive
applications, where they maintained low ESR and stable
capacitance even at temperatures exceeding 125 °C. Their
solid-state construction makes them less prone to drying out, a
common issue with traditional electrolytic capacitors. Polymer
capacitors are also noted for their long life and reliability in
high-frequency circuits. However, their relatively higher cost
compared to other capacitor types limits their use in cost-
sensitive applications. Nevertheless, they are widely used in
telecommunications, computing, and automotive electronics,
where reliability and performance outweigh cost concerns [62].
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Fig. 8: Polymer Capacitors

E. Hybrid Capacitors

Hybrid capacitors are an advanced class of capacitors that
combine features of both conventional -electrochemical
capacitors (supercapacitors) and electrostatic capacitors. These
capacitors provide a balance between high energy density and
high power density, positioning them between batteries and
traditional capacitors in terms of performance. By merging
the advantages of electrochemical and electrostatic storage
mechanisms, hybrid capacitors have become pivotal in uses
like energy storage systems, electric vehicles, and portable
electronic devices. A hybrid capacitor typically consists of
two electrodes: one resembling a supercapacitor and the other
more like a battery electrode. The design of hybrid capacitors
often involves asymmetry, with one electrode designed for
high capacitance (using materials such as activated carbon or
graphene) and the other for higher energy storage (utilizing
materials like lithium titanate or metal oxides). This combination
allows hybrid capacitors to store more energy than traditional
capacitors while maintaining the rapid charge and discharge
cycles characteristic of supercapacitors [63]. Hybrid capacitors
store energy through both electrostatic and electrochemical

processes. The electrostatic component, found in conventional
capacitors, stores energy by separating charges across a
dielectric. On the other hand, the electrochemical mechanism,
similar to that in batteries, involves ion insertion or intercalation
into the electrode material, which allows for increased energy
storage. This dual mechanism enables hybrid capacitors to
achieve a higher energy density than standard capacitors while
maintaining a higher power density than batteries [64].

[65] study demonstrated that hybrid capacitors could achieve
energy densities higher than traditional supercapacitors while
maintaining rapid charge and discharge capabilities. These
capacitors typically consist of one battery-like electrode and
one capacitor-like electrode, providing a balance between
energy storage capacity and charge rate. [66] stated that Hybrid
capacitors are increasingly used in grid energy storage, electric
vehicles, and renewable energy systems, where both energy
density and fast response times are critical. Although hybrid
capacitors are relatively new, ongoing research continues to
improve their performance, particularly in terms of cycle life
and energy retention.
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Fig. 9: Hybrid Capacitors

F Glass Capacitors

Glass capacitors are a specialized type of capacitor that
uses glass as the dielectric material, offering several unique
advantages including high thermal stability, low dielectric
loss, and excellent insulation properties. These characteristics
make glass capacitors ideal for use in high-frequency, high-
voltage, and precision applications such as aerospace, military,
and medical devices. Like other capacitors, Glass capacitors
are composed of two conductive plates that are separated
by a dielectric material, specifically glass in this case. The
dielectric material plays a crucial role in determining the
capacitor’s performance, as it stores energy by polarizing when
subjected to an electric field. The dielectric constant of glass
varies depending on its composition, but it typically offers a
moderate dielectric constant (around 5 to 10), providing a
balanced performance between energy storage and stability
[67]. Glass capacitors operate by storing electrostatic energy in
the dielectric material. When a voltage is applied, the electric
field induces charge separation within the dielectric, allowing
the capacitor to store energy. The unique properties of glass as
a dielectric material, such as its chemical inertness and high
breakdown voltage, allow these capacitors to operate in extreme
conditions without significant performance degradation [68].

[69] stated that One of the most significant advantages of
glass capacitors is their excellent thermal stability. Glass can
withstand extreme temperatures, making these capacitors
suitable for environments with high thermal stress, such as
aerospace applications. This thermal stability ensures consistent
performance across a wide temperature range, typically from -55
°C to +200 °C, [67] explains that Glass capacitors exhibit very
low dielectric loss, which refers to the loss of energy in the form
of heat when a capacitor is charged and discharged. This low
loss makes them highly efficient in high-frequency applications,
where energy dissipation can be a critical issue. As a result,

glass capacitors are often employed in RF circuits, filters,
and precision timing devices. The use of glass as a dielectric
material also provides high insulation resistance, which helps
to minimize leakage current. This property is particularly
beneficial for applications requiring long-term energy storage
or high-voltage operation, as it ensures the capacitor retains its
charge over extended periods without significant energy loss
[68]. Glass is mechanically robust and chemically inert, which
gives glass capacitors excellent durability and resistance to
environmental degradation. Unlike other capacitors that may
degrade over time due to exposure to moisture or chemicals,
glass capacitors remain stable in harsh environments, further
extending their lifespan. [69] asserted that the high reliability
and stability of glass capacitors make them ideal for mission-
critical aerospace systems, such as communication and
navigation equipment, where failure is not an option. Glass
capacitors are also used in medical devices, where precision
and long-term reliability are essential. Their low dielectric loss
and high insulation resistance ensure accurate signal processing
in sensitive medical instrumentation. While glass capacitors
offer numerous advantages, they do have some limitations. The
primary drawback is their cost, as glass is more expensive to
manufacture and process compared to other dielectric materials
like ceramics. Additionally, glass capacitors tend to be bulkier
than their ceramic counterparts, which can limit their use in
space-constrained applications as explained by [67].

[68] disclosed that recent advancements in materials science
have resulted in the creation of new types of glass-based
dielectrics with improved performance characteristics.
For instance, research into glass-ceramic composites has
demonstrated improved dielectric constants and breakdown
voltages, making them even more suitable for high-voltage and
high-frequency applications. These developments are opening
new possibilities for glass capacitors in emerging technologies
like 5G and electric vehicles.
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Fig. 10: Glass Capacitors

V. CONCLUSION

In conclusion, this comprehensive review underscores the
pivotal role of supercapacitors as advanced energy storage
solutions that effectively bridge the gap between conventional
batteries and standard capacitors. By offering a unique
combination of high-energy storage capacity and rapid power
delivery, supercapacitors demonstrate significant potential
across various applications, particularly in the automotive
industry, where they enhance the efficiency of hybrid and
electric vehicles. While current technologies achieve energy
densities of 4-5 Wh kg™ and power densities of 1-2 kW kg™,
challenges remain in stability, electrochemical potential
windows, and operational lifespans. The exploration of various
capacitor technologies—ceramic, electrolytic, film, polymer,
hybrid, and glass—reveals their distinct characteristics and
applications, paving the way for innovation. Furthermore,
this review highlights the ongoing advancements in
manufacturing processes and the emergence of solid-state
supercapacitors, suggesting promising avenues for future
research and development in the energy storage sector.
Overall, supercapacitors are positioned to play a crucial role
in the evolution of energy storage technology, driving progress
towards more efficient and sustainable energy solutions.
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