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Abstract: In the present work, the behavior of parallel plate capacitors filled with different dielectric
materials and having varied gaps between the plates is developed and analyzed. The capacitor
model’s capacitance and energy storage characteristics are estimated numerically and analytically.
The simulation results of the model developed in the Multiphysics simulation package show that
the capacitance of the capacitor decreases with an increase in the gap between the plates. Similarly,
energy storage capacity increases with the material’s dielectric constant, with PVDF showing en-
hanced storage capacity. Further, the results of both analytical and numerical methods were in good
agreement. Thus, the developed model was validated. The findings can potentially advance the
design and optimization of capacitor-based systems, enabling the development of improved sensors,
actuators, and efficient energy storage applications.
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1. Introduction

The parallel plate capacitor is a crucial electrical component consisting of two conduct-
ing plates separated by a dielectric material. It finds extensive applications in electronics,
energy storage, and sensing [1]. Characterizing dielectric materials is vital for technological
advancements and addressing global challenges in renewable energy and electrification.
As the demand for energy storage devices grows with the rapid expansion of renewable
energy sources, dielectric materials have emerged as promising options [2,3]. They offer
desirable properties, including high energy density, low loss, and efficient charge–discharge
capabilities. Enhancing the electrical properties of dielectric materials, particularly their
energy density and reduction of dielectric loss, remains a significant challenge. Higher
energy density directly impacts the amount of energy stored in each volume or weight,
making optimal energy storage solutions crucial. Additionally, minimizing dielectric loss is
essential for improving the efficiency of energy storage devices. Accurate numerical ap-
proaches play a vital role in optimizing the performance of dielectric materials. Numerical
methods enable the evaluation and comparison of different dielectric materials, facilitating
the development of high-performance energy storage devices aligned with sustainable
development goals (SDGs) 7 and 13 [4–6].

The current study focuses on developing a parallel plate capacitor model via ana-
lytical and numerical approaches. The analytical solutions offer insights into capacitor
behavior under ideal conditions, while numerical simulations analyze complex capacitor
configurations by varying the distance between the plates and using different materials [7].
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Numerical simulations involve creating three-dimensional models, choosing physics and
boundary conditions, assigning appropriate mesh and solvers, and measuring capacitance
for different dielectric materials and plate gaps. Validating the simulation results using
analytical methods ensures reliability and is a benchmark for further analysis and material
optimization [8]. By combining numerical and analytical approaches, researchers can
assess the energy storage capabilities of dielectric materials, compare their performance,
and identify materials with enhanced properties for specific applications. This knowledge
advances energy storage technologies and enables sustainable solutions to global chal-
lenges related to renewable energy integration and electrification. The outcomes of the
current investigation via simulations and theoretical approaches provide valuable insights
for designing and optimizing capacitors tailored to specific applications. This paves the
way for enhanced electronics, sensing, and energy storage performance [1,9].

2. Methodology

Developing a capacitor model involves creating an analytical or computational rep-
resentation of the behavior of a capacitor in response to different materials and electrical
conditions. A capacitor is an electronic component that stores electrical energy as an electric
field between two conductive plates separated by an insulating or dielectric material [10].
A capacitor model can range from simple ideal models to complex high-fidelity models
incorporating various parasitic effects and real-world considerations. The choice of model
depends on the specific application and the accuracy required for the analysis or design of
electronic circuits. A three-dimensional capacitor model was created using the COMSOL
Multiphysics software tool. The model enables capacitance measurement by adopting
distinct dielectric materials between two parallel plates.

The work begins with representing the capacitor using its parallel plate model shown
in Figure 1. The capacitor has two flat and parallel conductive plates. These plates are
usually made of metal, such as aluminum or copper, providing an electrical connection
to the capacitor. The space between the two plates is filled with a dielectric, insulating
material that does not conduct electricity. Dielectric materials can be air, paper, plastic,
glass, or ceramics. The two parameters that greatly influence the performance of the
capacitor are the gap between the plates and the dielectric medium between the plates.
In the current investigation, the two parameters mentioned above are varied and studied
for the efficiency of the capacitor under a given set of parameters. The geometry of the
parallel plate capacitor is shown in Figure 1a, where the radius of the circular plate of
each plate diameter is denoted by ‘r’. The larger the diameter of the plates, the greater
the capacitance of the capacitor. The distance between the two plates is denoted by ‘d’.
It is also called plate separation or the distance between the electrodes. The smaller the
separation distance, the higher the capacitance. Figure 1b shows the capacitor circuit; the
voltage across the capacitor is denoted by ‘V’. The potential difference between the two
plates determines the amount of charge stored in the capacitor.

Figure 1. (a) Geometry of the parallel plate capacitor. (b) Circuit of the capacitor model.
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The capacitance of the parallel plate capacitor depends on the area of the plates, the
separation distance, and the permittivity of the dielectric material. It is calculated using
Equation (1)

C = ε0εr
A
d

(1)

where

C = Capacitance (F)
ε0 = Permittivity of free space (approximately 8.854 pF/m)
εr = Relative permittivity or dielectric constant of the material between the plates
A = Area of each plate (m2)
d = Separation distance between the plates (m)

The parallel plate capacitor is a fundamental element in various electronic circuits
widely used for energy storage, filtering, and smoothing applications. Its simple geometry
and behavior make it essential in many electrical and electronic devices [11].

Analytical approaches are often used to obtain insight into the developed model. Thus,
in a parallel plate capacitor, two parallel conductive plates are separated by a dielectric
material of relative permittivity or dielectric constant. The assumption was that the ho-
mogeneous electric field concentrated in the gap between the electrodes. Also, it can be
noted that the assumption may not hold when the gap becomes extremely small or when
the permittivity of the dielectric material is not sufficiently high for the generation of the
electric field. Therefore, the electric field spreads over a larger volume, making the field
out of the vicinity [12].

The charge stored by a capacitor is directly proportional to the voltage across its
terminals and its capacitance. When a voltage is applied across the capacitor, it stores an
electric charge on its plates. The capacitance determines how much charge it can hold for
a given voltage. Given the same voltage, a capacitor with a higher capacitance can store
more charge than a capacitor with a lower capacitance. The relationship between charge
(Q), voltage (V), and capacitance (C) is represented as [13]:

C =
Q
V

(2)

The potential energy stored in an electric field due to the configuration of electric
charges is called the electrostatic charge. When electric charges are brought together
or separated, they create an electric field that stores potential energy. The amount of
electrostatic energy depends on the magnitude and distribution of the charges and the
distances between them. The equation for the electrostatic energy (U) of a continuous
charge distribution, which forms the electric field (E) in each volume (v), is expressed
as [14]:

U =
1
2
ε

∫
v
|E|2dv (3)

where dv is the differential volume element, and ε is the permittivity of the medium in
which the field exists.

As seen in Equation (3), the stored energy is proportional to the square of an electric
field, resulting in a rapid decline in the stored energy when the electric field decreases. In
other words, the main part of the energy is stored in the space near the capacitor electrodes
where the electric field is stronger. Energy stored on the surface of the parallel plate
capacitor is calculated using Equation (4) [15].

U =
Qv
2

=
Cv2

2
(4)

2.1. Dielectric Materials

Dielectric materials are insulating materials that do not conduct electricity. They
are used in various applications to separate or insulate conductive components, prevent
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electrical leakage, and store electrical energy in capacitors. The choice of dielectric material
depends on factors such as the desired capacitance, operating frequency, temperature
stability, and specific requirements of the application. Dielectric materials play a critical
role in the performance and design of electronic components, especially capacitors, which
determine the energy storage capacity and overall efficiency [16]. Here are some common
types of dielectric materials used in the analysis of the capacitor model. The capacitor
model requires different properties that are givenin Table 1.

Table 1. Properties of different dielectric materials.

Parameter Air PDMS Nylon PVDF

Dielectric constant (ε) 1 2.4–2.7 4 10–12
Young’s modulus(E) [GPa] 0 > E < 1 0.00075–0.00090 2 2.17

Density (ϱ) [kg/m3] 1.293 970 1150 1.78
Poisson’s ratio (ν) - 0.49 0.4 0.40

The current investigation developed the analytical and numerical models using distinct
dielectric materials such as air, polydimethylsiloxane (PDMS), nylon, and poly vinylidene
fluoride (PVDF) [17]. The required properties of the chosen dielectric materials are given in
Table 1. These materials may help to estimate insight into the capacitor model. Another
vital constituent for parallel plate capacitors is the gap between two plates. A capacitor
with a diameter of 10 mm is used in the current work. The spacing between the plates
varies as 2, 4, and 6 mm. The objective is to analyze the capacitor’s capacitance and energy
storage characteristics under these different plate distance configurations. It is worth noting
that the fringing or edge effects in the capacitor are disregarded in the current work, as
these effects become less significant when the diameter of the plates is much greater than
the distance between them [4].

2.2. Numerical Approach

One can use the finite element method (FEM) to numerically analyze a parallel plate
capacitor. The FEM is a powerful numerical technique that can handle complex geometries
and different materials and their properties [18]. The capacitor model was built with
different thicknesses, followed by selecting appropriate physics and boundary conditions.
The circular-shaped capacitor has been analyzed with different dielectric materials and
thicknesses. In addition, the gap between the parallel plate capacitors varied. The material
properties given in Table 1 were assigned to the capacitive model. The applied boundary
conditions at the model’s surface are positive voltage on the upper surface of the model
and grounded lower surface. Variables used for the study are the gap between plates
and the dielectric medium between the plates. For numerical iteration, a triangulation
mesh element was created for a complete capacitive model. Numerical modeling of a
circular-shaped capacitive model involves different simulating steps, as shown in Figure 2.
The computational method of a circular-shaped capacitor provides valuable insights into its
behavior and performance, making it a powerful tool in sensor development, optimization,
and engineering applications [18,19].

Numerical and analytical approaches were adopted to analyze the capacitive model by
varying the thickness and material. The simulations were carried out using commercially
available COMSOL Multiphysics software, and the result was validated using an existing
mathematical model.
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Figure 2. Modeling stages of the capacitive model.

3. Result and Discussion

The capacitive model has a radius of 1 cm and varied thickness of 2, 4, and 6 mm.
The voltage supplied on the upper surface of the plate leads to an electric field difference in
the capacitive model. The electric field through the capacitive model with varied thicknesses
is shown in Figure 3. The electric field within the model decreases as the thickness of the
dielectric material increases. It is noticed that a 2 mm thickness has a higher potential than
the 6 mm thick plate model. Thus, appropriate thicknesses need to be adopted to develop
the capacitive application.

Figure 3. Electric field through (a) 2 mm, (b) 4 mm, and (c) 6 mm parallel plate of the capacitive model.

In continuation with the numerical model of the capacitor, the energy stored in the
material can be predicted. Figure 4 shows the electric energy stored in a different dielectric
medium. The results show that the PVDF dielectric material has a higher storage capacity
than the other three dielectric material mediums: air, nylon, and PDMS. It is also observed
that energy distribution over the capacitive model is minimal. These distributions show
the flow of a high electric field from the higher potential to the lower potential energy level.
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Figure 4. Energy stored due to applied voltage in the dielectric medium.

The comparative assessment of the numerical and analytical models for parallel plate
capacitance is presented in Table 2. A discernible trend emerges, wherein the dielectric
constant exhibits a direct proportionality to the material’s capacitance. This effect is par-
ticularly pronounced in the context of PVDF, which boasts the highest dielectric constant
among the considered materials. Moreover, it is noteworthy that the numerical outcomes
obtained through varying materials and electrode distances exhibit remarkable proximity
to those derived analytically. A salient observation is the inverse relationship between
the gap distance and capacitance. As the distance between the electrodes diminishes,
capacitance registers an ascent, concurrently augmenting the cumulative electric energy
storage potential within the capacitors.

Table 2. Comparative analysis of the parallel plate capacitor.

Dielectric
Materials

Gap
d (mm)

Numerical
Method (pF)

Analytical
Method (pF)

Total Electric Energy
Store (Joules)

Air
εr = 1

6 0.4636 0.4636 0.2318 × 10−12

4 0.6954 0.6954 0.3477 × 10−12

2 1.3908 1.3908 0.6954 × 10−12

PDMS
εr = 2.75

6 1.2749 1.2746 0.6374 × 10−12

4 1.9123 1.9123 0.9561 × 10−12

2 3.8247 3.8247 1.9123 × 10−12

Nylon
εr = 4

6 1.8544 1.8542 0.9272 × 10−12

4 2.7816 2.7816 1.3908 × 10−12

2 5.5632 5.5632 2.7816 × 10−12

PVDF
εr = 10

6 4.6360 4.6361 2.3180 × 10−12

4 6.9540 6.9540 3.4770 × 10−12

2 13.9080 13.9080 6.6940 × 10−12

Figure 5 illustrates the variation of capacitance and energy storage with the gap
distance. When the gap distance between the plates increases, it decreases capacitance
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(Figure 5a). This decreased capacitance corresponds to a reduced ability of the capacitor to
hold and store electric charge effectively. Consequently, the overall energy stored within the
capacitor experiences a decrease as well (Figure 5b). This interplay between gap distance
and energy storage exemplifies a noteworthy trade-off. As the distance between the plates
widens, the capacitor’s ability to store energy becomes compromised due to the lower
capacitance. This illustrates the delicate balance between the physical dimensions of the
capacitor, specifically the plate separation, and its capability to store electrical energy.

Figure 5. Effect of gap distance on the (a) capacitance of the model and (b) the energy stored with the
change in the gap between the plate.

4. Conclusions and Future Scope

This study used a numerical and analytical approach to evaluate the capacitive model
by varying the gap between the plate and the dielectric material between the plates. A 3D
model of the capacitor was developed successfully. The robustness of the model was tested
and analyzed. It was established that with the increase in the gap between plates, there
is a decline in the capacitance of the parallel plate capacitor. Further, a medium with a
higher dielectric constant can store more energy in the capacitor model. It was observed
that the PVDF dielectric medium exhibited a higher capacitance value and greater energy
storage ability than air, nylon, and PDMS. Compared to air, with a 2 mm gap between
plates, PVDF material exhibited improved capacitance by 90%. Numerical simulation was
also established for the parallel plate capacitor model to estimate the electric energy storage
based on the different dielectric materials and changing the gap of the plate.

Consequently, this numerical study facilitates the assessment of energy storage phe-
nomena and contributes to developing applications such as sensors, actuators, and energy
storage devices. Thus, a robust model was established in the current study for estimating
the capacitance of the capacitor. The capacitor can yield results by varying the dielectric
medium between the plates in addition to varying the gap between the plates.

Building upon the insights gleaned from this study, several promising directions
for future research can be envisaged to advance the understanding of energy storage in
capacitive systems. By extending the current concept, one can investigate the impact of
dynamically varying gap distances on capacitance and energy storage, which could provide
a more comprehensive understanding of how these parameters interact. Further, it can
also be used to explore the effects of composite dielectric materials or layered configura-
tions, which could yield intriguing outcomes. Also, it can be a tool for investigating the
temperature-dependent behavior of capacitors and its consequences on energy storage,
which could lead to designs that maintain optimal performance across varying thermal
conditions, etc.
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