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Abstract

Energy storage technologies play a crucial role in modern electrical and
electronic systems. Batteries and supercapacitors are widely used due to their
ability to store and deliver electrical energy efficiently. This paper presents a
comparative review of batteries and supercapacitors based on parameters such
as energy density, power density, charging time, and lifecycle. The study is
based on the analysis of previously published research papers and technical
literature. The results highlight that batteries provide higher energy density,
while supercapacitors offer higher power density and faster charging capability.
The comparison helps in understanding the advantages and limitations of both
technologies for different applications.Supercapacitors, Batteries, Energy
Storage Systems, Power Density, Energy Density, Electrochemical Energy
Storage
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A. Battery:

Lithium-ion batteries currently dominate the battery market and the associated research environment. They display
favourable properties when compared to other existing battery types: high energy efficiency, low memory effects and
proper energy density for large scale energy storage systems and for battery/hybrid electric vehicles
(HEV) . Given these facts, lithium production has been expanding rapidly and the use of lithium batteries is widespread
and increasing.[1]

Lithium-ion batteries, crucial to modern electronics, the aerospace industry, and electric vehicles, are
sophisticatedelectrochemical devices adept at convertingchemical energy into electrical energy during discharge and,
reversely, during charging Additionally, a separator acts as a barrier between the cathode and anode within each cell.
Battery performance and safetydepend heavily on the electrolyte andseparator selection. Solid-state electrolytes, one of
the emerging technologies, offer faster charging and discharging times and increased safety. Nevertheless, choosing
materials that can provide high ion conduction is constrained when the electrolyte is polymer-based because of concerns
about electrochemical stability. However, liquid electrolytes offer a more comprehensive range of alternatives since
various solvents have distinct viscosity anddielectric constants that affect their performance in different ways. As for the
cathode, various lithiated metal oxides, including LiCoO2, Li-Mn-O, LiFePO4, and lithium-layered metal oxide, can be
utilized. Each cathode material possesses unique electrochemical properties, affecting energy density, power density, and
safety as shown in Table 1. For instance, while lithium cobalt oxide offers high energy density, it raises concerns about
thermal stability and safety. On the other hand, lithium iron phosphate exhibits lower energy density but provides
enhanced safety and thermal stability. Therefore, carefully considering cathode materials is essential to balancing
performance metrics and ensuring safe battery operation. During the charging process(Figurel), the cathode transforms

charger

Positive Negative
cathode anode

Negative
cathode

Discharge Charge
Figure 1: Charging and discharging process of a lithium-ion battery showing the movement [
of lithium ions between the anode and cathode.

into lithium ions, traversing the lithium salt electrolyte toward the anode, where they combine with external electrons.
The electrolyte, comprising organic carbonatesof lithium (e.g., LiPF6), facilitates this electrochemical process. It is
worth noting that electrolyte selection and formulation significantly affect battery performance, particularly in ion
conductivity, viscosity,flammability, and thermal stability. Therefore, optimizing electrolyte properties enhances battery
efficiency, safety, and lifespan.

Table 1. Comparison between three cathode materials.

Parameters Li-Ton Manganese | Li-Ion Cobalt Li-Ton Phosphate
Specific energy 100-135 150-190 90-120
density (Wh/kg)

Internal resistance 25-75 150-300 25-50
(mQ)

Cycle life (80% 500-1000 500-1000 1000-2000
discharge)

Fast charge time <1 2-4 <1

(Hours)

Cell voltage 38 3.6 33
(nominal V)

Tablel[2]

Lithium-ion batteries are recognized for their high energy density, rapid response, extended cyclic life, and high
efficiency. The discharge voltage curves, particularly in Li-Mn and Li—phosphate batteries, exhibit a notably flat profile,
simplifying the application design as nearly 80% of stored energy falls within this region. These advantages have
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positioned lithium-ion batteries as prevalent choices in portable electronic devices and promising components in electric
and hybrid vehicles. However, challenges in implementation include the substantial cost associated with large-scale
utilization due to special packaging and internal overcharge protection circuits. Additionally, deploying batteries in power
systems and managing grid-tied battery energy storage systems introduce complexities. [2], [1]

B. Supercapacitor:

Supercapacitors, also known as ultracapacitors, play a pivotal role in energy storage systems owing to their exceptional
attributes, including high power density, swift charging capabilities, extended cycle life, and broad operating temperature
range. Their significance has surged notably, particularly within transportation and smart grid applications, where they
effectively smooth out energy spikes. Nonetheless, it is crucial to recognize that the performance of supercapacitors can
be influenced by diverse parameters like temperature, current, and voltage, resulting in fluctuations in their physical and
chemical properties. Moreover, real-world conditions may lead to disparities among individual cells within
supercapacitor modules, leading to diminished service performance and posing risks to system reliability and safety. In
contrast to rechargeable batteries, supercapacitors

have a comparable chemical composition and operational method, allowing energy storage and conversion via ion
diffusion and migration. However, supercapacitors have particular characteristics that make them essential in storage
systems. They can store hundreds of times more energy than traditional capacitors because they operate as double layer
electro chemical capacitorsas depicted in Figure2. Furthermore, they suffer fewer losses and have a longer lifespan.
Notably, supercapacitors can withstand several charge and discharge cycles, significantly beyond the lifespan of lead—
acid batteries, which generally last only a few thousand cycles. Supercapacitors also excel at supplying higher currents
than regular batteries. [2]

Capacitordischarged Capacitorcharged
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Mirror image of charge distribution

Random distribution of ions = < . :
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Figure 2. Charging and discharging states of a supercapacitor illustrating energy storage
and release.

The increasing demand for efficient and reliable energy storage solutions has driven considerable advancements in both
supercapacitor and battery technologies. As society continues to adopt renewable energy systems, electric vehicles, and
portable electronic devices, the need for high-performance, durable, and efficient energy storage systems has become
increasingly critical. Among the most commonly utilized energy storage technologies are supercapacitors and batteries,
each with distinct advantages andspecific challenges. Supercapacitors, also known as ultracapacitors, are notable for their
ability to rapidly store and discharge energy, offering high power density and excellent cycle stability. Their capacity to
endure millions of charge and discharge cycles with minimal degradation makes them particularly suitable for
applications requiring rapid energy bursts, such as regenerative braking in electric vehicles or power smoothing in
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renewable energy systems. However, their relatively lower energy density compared to batteries limits

their use in scenarios where long-term energy storage is needed. [3]

On the other hand, batteries—especially lithium-ion (Li-ion) batteries—are widely regarded as the preferred energy
storage solution for a variety of applications due to their high energy density and compact form factor, which allows them
to store significant amounts of energy efficiently. This makes batteries ideal for applications requiring consistent, long-
term energy supply, such as in consumer electronics, electric vehicles, and grid-level energy storage systems.
Nevertheless, batteries come with their own challenges, including a shorter cycle life compared to supercapacitors,
slower charge and discharge rates, and potential safety risks when exposed to high loads.[3]

This paper aims to provide a comprehensive comparative analysis of supercapacitors and batteries, focusing on critical
parameters such as energy storage capacity, power output, efficiency, and cycle life. By evaluating these key
characteristics, this study seeks to highlight the strengths and limitations of each technology, thereby facilitating the
selection of the most suitable energy storage solution for specific applications. The findings from this analysis will provide
important insights into how these technologies can be further optimized to address the growing energy storage needs of
modern society.

1.1 Background

Energy storage technologies are essential components of modern energy systems, providing power for everything from
portable electronics to stabilizing renewable energy sources. Among the most prominent solutions are supercapacitors and
batteries, each offering distinct advantages and tailored applications. The comparative analysis illustrated in the Figure 3
emphasizes their performance in terms of energy density and power density. Energy density, measured in watt-hours per
kilogram (Wh/kg), determines how much energy can be stored in a given mass, making it a key factor for applications
that require long-term energy storage. Power density, measured in watts per kilogram (W/kg), reflects how quickly
energy can be delivered, which is critical for applications that need rapid bursts of energy. Asindicated in the
Figure 3, supercapacitors excel in terms of power density, far outperforming batteries such as lead-acid, nickel-cadmium
(Ni-Cd), nickel-metal hydride (Ni-MH), and lithium-ion (Li-ion) batteries. This high-power density makes
supercapacitors particularly well-suited for applications like power buffering, regenerative braking in electric vehicles,
and emergency power supplies, where quick energy delivery is essential. However, supercapacitors trade off energy
density, meaning they can store less energy per unit mass, which restricts their effectiveness in applications requiring
sustained energy over longer periods.On the other hand, Li-ion batteries, widely used in consumer electronics and electric
vehicles, offer significantly higher energy density, allowing them to store more energy in a compact form. This makes
them ideal for applications requiring sustained powerover longer durations, such as smartphones, laptops, and electric
vehicle propulsion systems. However, their lower power density means Li-ion batteries are less suited for applications
requiring fast energy delivery, in contrast to supercapacitors.

Figure 3 also highlights other energy storage technologies, such as fuel cells, which boast high energy density but
relatively low power density, making them ideal for long-distance transportation and backup power. Capacitors, at the far
end of the power density spectrum, provide even faster energy delivery than supercapacitors but with much lower
energy storagecapacity, limiting their role to ultra-short bursts of energy. This comparison underscores the importance of
selecting the right energy storage technology based on specific application requirements. Supercapacitors are favoured in
situations where high power output and long cycle life are paramount, while batteries, especially Li-ion, are chosen for
their superior energy storage capacity, despite their limitations in power delivery and lifespan. The insights offered by the
Figure3 help clarify the trade-offs between supercapacitors and batteries, guiding decision-making for diverse
technological applications. [3]
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Figure 3 Comparison of energy density and power density of different energy storage
systems, showing the performance range of batteries, supercapacitors, capacitors, and fuel
cells.

1.1.1 Mathematical Background
a. Battery Model 3]

A battery can be represented by an equivalent circuit consisting of a voltage source and internal resistance. The terminal
voltage of the battery can be expressed as:

® V = Voltage across the capacitor (V)

The current—voltage relationship of a capacitor is given by:
[=C(dV/dt)

Where: V=E - IR

Where:

® V =Terminal voltage ofthe battery (V)

® E =Open circuit voltage (V)

® [=Current flowing through the battery (A)

® R =Internal resistance of the battery (Q)

The stored energy in a battery can be calculated as:
E=VxIxt

Where:

® E = Energy stored (Joules)
® V =Voltage (V)
® [ =Current (A)

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/ 5
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® t=Time (s)

® Supercapacitor Model [3],[5]

® [ =Current (A)
® (= Capacitance (F)
e dV/dt=Rate of change of voltage with respect to time

The energy stored in a supercapacitor is calculated as:

E=14(CV"2)

Where:

® E = Energy stored (Joules)
® (= Capacitance (F)
e V =Voltage (V)

A supercapacitor can be modeled as a capacitor with a small
internal resistance. The capacitance is given by:

C=Q/V Where:
° C = Capacitance (F)
° Q = Charge stored (Coulombs)
" Available Performance Il S'upcrcapn;itorr 1 H,{bri;l'i-léci'rdcrlrleml'dl Vcap:'d'lo;i | Lithium Ion Béﬁery
| Operating Voltage per cell Max: 2.7V Max: 4.0V ' Max: 4.2V
Mmn: 0.0V Mum: > 0.0V Min: 3.0V
| Charge/Discharge Time ' 0310305 ' . ' 0.510 10 lus
. Energy Storage | W-Secof energy | W-Min of energy | W.Hr of energy
' Energy (Wh/kg) : 105 . 100 1o 200
| Cycle Life | 100000s to millions 1000s to 100000 ' 100s to 1000s
' Specific Power (W/kg) > 10000 - 1000 to 3000
| Charge/discharge efficiency |~ 08510098 | <098 ' 0.70 10 0.85

Table 2 Comparative analysis of batteries and supercapacitors and hybrid electrochemical
capacitor based on parameters such as cycle life, energy density, power density, charging
time, and discharge characteristics.

2. Literature Review

The comparative analysis of supercapacitors and batteries as energy storage technologies has garnered significant
attention in recent years due to the growing demand for efficient, reliable, and sustainable energy solutions across various
applications, including electric vehicles (EVs), renewable energy systems, and consumer electronics. A study
investigated the influence of supercapacitors on the cycle life of lithium batteries in EV energy storage systems. The
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findings revealed that integrating supercapacitors can significantly extend the cycle life of lithium batteries by reducing
the load during high power demands, thereby improving the overall efficiency and longevity of the energy storage
system. This highlights the potential benefits of hybrid energy storage systems that combine the high energy density of
batteries with thehigh power density of supercapacitors. Another research conducted a comprehensive analysis comparing
supercapacitors and batteries as energy storage devices. The study emphasized the trade-offs between the two
technologies, noting that while supercapacitors offer superior power density and longer cycle life, batteries provide
higher energy density, making them more suitable for applications requiring sustained energy output . This comparative
analysis underscores the importance of selecting the appropriate technology based on specific application requirements. A
comparative study on Li-ion batteries, supercapacitors, and nonaqueous asymmetric hybrid devices for automotive
applications demonstrated that while Li-ion batteries provide higher energy storage capacity, supercapacitors offer
advantages in power delivery and efficiency, particularly in applications requiring rapid energy discharge, such as
inhybrid electric vehicles (HEVs). The findings support the growing interest in hybrid energy storage systems that
leverage the strengths of both technologies. Research exploring the hybridization of fuel-cell vehicles with either battery
or supercapacitor storage devices concluded that while batteries provide higher energy density, supercapacitors offer
better performance in terms of power density and cycle life, making them more suitable for applications requiring

frequent charge/discharge cycles, such as in regenerative braking systems. This research highlights the role of
supercapacitors in enhancing the efficiency and longevity of energy storage systems in transportation applications. A
comparative analysis of the optimal sizing of battery-only, ultracapacitor-only, and hybrid battery- ultracapacitor energy
storage systems for city buses found that hybrid systems could optimize the performance and cost- effectiveness of
energy storage in public transportation, offering a balance between energy density and power density. This research
provides valuable insights into the design and implementation of energy storage systems in urban transportation. An
analysis of hybrid energy storage systems (HESS) combining batteries and supercapacitors for power smoothing in
photovoltaic (PV) and hydrokinetic turbine (HKT) systems demonstrated that the HESS approach could effectively
manage the intermittent nature of renewable energy sources, enhancing the stability and reliability of the power supply.
The research highlights the potential of HESS in improving the integration of renewable energy into the grid. Another
study compared fuel cell electric vehicles hybridized with  either batteries or supercapacitors, indicating that
while batteries offer higher energy storage capabilities, supercapacitors are more effective in applications requiring quick
energy delivery and high-power density, such as in fuel cell hybrid vehicles. The research indicates that advancements in
materials science could further enhance the performance of supercapacitors, making them more competitive with batteries
in a wider range of applications. A review of advancements and challenges in perovskite-basedphoto-induced
rechargeable batteries and supercapacitors provided a comprehensive overview of the latest developments in these
emerging technologies, noting their potential to revolutionize energy storage by combining the high energy density of
batteries with the fast charge/discharge capabilities of supercapacitors . This review underscores the ongoing innovation
in energy storage technologies and the potential for future breakthroughs .Finally, a comparison of commercial
supercapacitors and high- power lithium-ion batteries for power- assist applications in hybrid electric vehicles found that
while lithium-ion batteries offer higher energy density, supercapacitors provide superior power density and cycle life,
making them more suitable for applications requiring quick energy delivery.

In summary, the literature demonstrates that both supercapacitors and batteries have unique advantages and limitations.
Supercapacitors excel in applications requiring high power density and long cycle life, while batteries are preferred for
their higher energy density. Hybrid systems that combine the strengths of both technologies offer a promising approach to
optimizing energy storage solutions across various applications, from electric vehicles to renewable energy systems.

2.1 Problem Statement

Modern electrical and electronic systems require efficient, reliable, and fast energy storage devices. Conventional
batteries are widely used because of their high energy density, but they suffer from several limitations such as slow
charging time, limited lifecycle, and reduced performance during frequent charge—discharge cycles.

On the other hand, supercapacitors provide very high-power density, fast charging capability, and longer lifecycle, but
they have lower energy density compared to batteries, which limits their ability to supply power for longer durations.

Due to these limitations, it becomes necessary to analyze and compare the performance of batteries and supercapacitors
to understand their advantages, disadvantages, and suitable applications. Therefore, there is a need to study these two

energy storage technologies to determine which system is more efficient for specific applications and how their
© 2026 The . Published by . Website: https://ijcope.org/ 7
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limitations can be improved.

2.2 Research Gap

Many studies have been conducted on batteries and supercapacitors as energystorage devices. Researchers have
analyzed their characteristics such as energy density, power density, charging time, efficiency, and lifecycle. Batteries are
widely used due to their high energy storage capacity, while supercapacitors are known for their fast charging and high-
power delivery.

However, most of the existing research focuses on individual performance analysis of batteries or supercapacitors rather
than their combined or optimized usage in practical systems. In addition, supercapacitors still face limitations such as
low energy density and shorter power supply duration, which restrict their use as a complete replacement for batteries.

Therefore, there is a need for further research to compare the performance of batteries and supercapacitors in real
applications and explore ways to improve the energy storage capability of supercapacitors. Studying their advantages
and limitations can help in developing more efficient hybrid energy storage systems for future electrical and electronic
applications.

2.3 Objectives of the Study
The main objectives of this project are:
e To study the basic working principle of batteries and supercapacitors used in energy storage systems.

e To compare the performance of batteries and supercapacitors based on parameters such as energy density, power
density, charging time, and lifecycle.

e To analyze the advantages and limitations of both batteries and supercapacitors in practical applications.

e To explore possible improvements and future applications.

e To evaluate the suitability of supercapacitors as an alternative or complementary energy storage device to batteries.
3.  Methodology

1. Literature Review Approach

This study is conducted as a review-based analysis of existing research on energy storage technologies, particularly
lithium- ion batteries and supercapacitors. Relevant research papers, journal articles, and conference publications were
collected from well-known academic databases such as IEEE Xplore, ScienceDirect, SpringerLink, and Google Scholar.

The objective of the literature review was to gather reliable information regarding the working principles, performance
characteristics, advantages, and limitations of both energy storage devices.

2. Literature Selection Criteria

To ensure the quality and reliability of the information, only peer-reviewed journal articles and conference papers were
considered. Priority was given to recent publications (last 10—15 years) focusing on:

Energy density and power density

°
® Charging and discharging characteristics
® Cycle life performance

°

Applications in electric vehicles and renewable energy systems

The selected papers were carefully examined and compared to identify the key differences and similarities between
batteries and supercapacitors.
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3. Comparative Analysis Method

After collecting the relevant literature, the information was analyzed and organized to compare the two technologies
based on important performance parameters. The comparative analysis focused on:

® Energy storage capability

® Power delivery capability

® (Charging and discharging speed

® (ycle life and durability

® Application suitability

Data reported in different studies were summarized and presented in the form of tables, graphs, and descriptive analysis
to provide a clear comparison.

4. Mathematical Methodology

The mathematical methodology used in this study is based on models commonly reported in previous research on energy
storage systems. These models describe the relationship between voltage, current, capacitance, and stored energy in
batteriesand supercapacitors. Thefundamental

characteristics of these devices. Such mathematical relations are widely used in literature to compare the performance of
different energy storage technologies.

4, Future Perspectives

The demand for efficient energy storage systems is rapidly increasing due to industrial growth, population expansion, and
the shift toward electric mobility. To address these challenges, new technologies must be developed and implemented at
large scale. Carbon-based materials are expected to play a crucial role in next- generation energy storage systems because
they provide both high power and high energy capabilities.

Currently, research is focusing on sustainable and low-cost carbon materials derived from natural sources such as
tannins, lignin, and biomass. These materials are environmentally friendly and widely available, making them promising
alternatives to synthetic carbon precursors. Lignin-derived carbons, in particular, show strong potential for both
supercapacitors and battery components, offering improved performance and reduced manufacturing costs.

Plant-derived activated carbons and waste biomass are also gaining attention because they enable the production of porous
carbon structures with high surface area and improved electrochemical performance. Controlling pore size, conductivity,
and heteroatom doping (such as nitrogen or oxygen) is essential for enhancing charge storage capacity and electrolyte
transport.

Future research is also exploring advanced nanomaterials such as MXenes and graphdiyne (GDY). These materials
exhibit excellent electrical conductivity, large surface area, and high charge mobility, making them promising candidates
for batteries and supercapacitors.

Additionally,emergingbattery technologies such as lithium—carbon dioxide (Li—CO-) batteries are being investigated due
to their high theoretical energy density. Continued advancements in electrode materials, nanotechnology, and hybrid
energy storage systems are expected to improve performance, stability, and scalability.

Overall, the development of sustainable carbon materials, advanced nanostructures, and hybrid energy storage
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technologies will play a key role in the future of high- performance energy storage devices for applications such as
electric vehicles, portable electronics, and renewable energy systems. [4]

5. Results
Based on the analysis of various research studies, the performance of batteries and supercapacitors was compared using
key parameters such as energy density, power density, charging time, and lifecycle.

1) Energy density: Battery have a high energy density than the

supercapacitor.

2) Power density: Supercapacitor have a very high-power density and battery has a moderate power density.

3) Charging time: The charging time of greater than of supercapacitor that means battery charge slowly. Supercapacitor
charge very fast.

4) Life cycle: Battery have a limited life cycle and the supercapacitor have a very long-life cycle.

From the obtained results, it can be observed that batteries provide higher energy storage capability, while supercapacitors
offer superior power density and faster charge—discharge performance.

0. Conclusion

The study was on the comparison of battery and supercapacitor on different parameters, their applications, and their
limits. In conclusion we can say that batteries have higher energy density while supercapacitors have higher power
density. Moving over charging, supercapacitors charge faster and have longer lifecycle.

But batteries are better for long-term energy storage.

They both have separate working fields such as, batteries are suitable for electric vehicles and long-duration storage and
supercapacitors are useful for quick power delivery and regenerative braking systems. A hybrid energy storage system
combining batteries and supercapacitors can overcome the limitations of individual technologies and provide improved
performance, efficiency, and lifespan in modern ~ energy  storage  application

1) ENERGY STORAGE CAPACITY (SPECIFIC ENERGY) 2) POWER OUTPUT (SPECIFIC POWER) %
300 - 10

250 W Supercapacitor
250 - 8 2 B Battery
2 200 - 2 6
= 150 | s
Z 00} = 4
0| 10 < 0.3
0 0
Supercapacitor Battery Supercapacitor Battery
Technology Technology
3) EFFICIENCY (ROUND-TRIP EFFICIENCY) 4) CHARGE/DISCHARGE CYCLE LIFE 7,
100 - W Supercapacitor 1,200,000 >1,000,000 W Supercapacitor
W Battery £ 1,000,000 M Battery
= 9 g
< 800,000
E 90 20 S 600,000
2 2
400,000
E &5 5 200,000
2 ~1,000
80 > o S
Supercapacitor Battery Supercapacitor Battery
Technology Technology

Figure 4;4 comparative analysis of the technical specifications of supercapacitors and
batteries, highlighting their performance in key areas like energy storage capacity, power
output, efficiency, and cycle life.
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