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Abstract: The use of thermal energy storage (TES) contributes to the ongoing process of integrating
various types of energy resources in order to achieve cleaner, more flexible, and more sustainable
energy use. Numerical modelling of hot storage packed bed storage systems has been conducted in
this paper in order to investigate the optimum design of the hot storage system. In this paper, the
effect of varying design parameters, including the diameter of the packed bed, the storage material,
the void fraction, and the aspect ratio of the packed bed, on storage performance was investigated.
COMSOL Multiphysics 5.6 software has been used to design, simulate, and validate an axisymmetric
model, which was then applied to evaluate the performance of the storage system based on the total
energy stored, the heat transfer efficiency, and the capacity factor. In this paper, a novel-packed bed
was proposed based on the parametric analysis. This involved a 0.2 void fraction, 4 mm porous media
particle diameter, and Magnesia as the optimum storage material with air as the heat transfer fluid.

Keywords: packed bed; PTES; parametric study; particle diameter; aspect ratio; porosity; porous
media; COMSOL; optimisation

1. Introduction

Storage of energy is crucial to overcome the mismatch between variations in energy
demand and renewable generation. Renewable sources of energy are intermittent, as they
can be affected by weather conditions or other factors. Therefore, storing excess energy
during times of low demand and using it later when the energy demand is higher is
important to mitigate the high demand for these intermittent resources. One effective
solution to overcome this challenge is to use energy storage systems [1].

Pumped Thermal Energy Storage (PTES) is a promising technology for large-scale
energy storage. Compared to other thermal energy storage methods, PTES offers high
round-trip efficiency (RTE), high capacity, a lifespan of up to 30 years, a short response
time [2–4], and a fast start-up time [5,6]. PTES systems are not only environmentally
friendly but also have a smaller carbon footprint compared with other novel large-scale
commercialised energy storage technologies, such as Compressed Air Energy Storage
(CAES) and Pumped Hydro Energy Storage Systems (PHES) [7,8].

During the charging process of PTES systems, electrical energy is converted into ther-
mal energy. This is performed using a heat pump that moves heat from a low-temperature
reservoir to a high-temperature reservoir. Later, during the discharging process, the ther-
mal energy stored in the reservoirs is used to power a heat engine. The heat engine then
converts the thermal energy back into electrical energy. The conventional layout of PTES is
shown in Figure 1 [1].

There are various TES systems; nonetheless, the packed bed is one of the preferred
designs with some limitations based on the type of application [9–12]. The packed bed
storage system (PBSS) is a compact structure that offers a high heat storage capacity, a large
surface area, an efficient energy transfer process, and very efficient storage.
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bo�om at temperature Th and exiting from the top at temperature Tc. 
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between the heat transfer fluid (HTF) and the packing elements that circulate the bed 

Figure 1. PTES conventional layout and main components [1].

The PBSS is an encouraging TES technology that helps enhance renewable energy
generation systems and reduce energy storage costs [13,14]. The PBSS is an efficient
technology that can be used for a wide range of temperatures, making it suitable for both
high- and low-temperature applications [14,15].

The PBSS system consists of three main components: the mechanism of thermal energy
transfer, the storage medium, and the containment system. The bed itself, see Figure 2,
is made up of storage materials, such as rocks, PCM, ores, or concrete, depending on
factors such as economic considerations, intended use or application, and energy storage
capacity [16].
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Figure 2. A schematic illustration of a packed bed thermal store with hot HTF entering from the
bottom at temperature Th and exiting from the top at temperature Tc.

During both the charging and discharging phases, it is important to maintain contact
between the heat transfer fluid (HTF) and the packing elements that circulate the bed voids
to add or remove heat to the solid material. This increases the effective area of surfaces
that are in contact, which in turn help to improve efficiency [17]. Additionally, by adding
improved stratification to the PBSS, the collector efficiency can be increased [18].
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High-temperature thermal energy storage is becoming increasingly important as a
key component in large-scale applications. Packed bed storage represents an economically
viable large-scale energy storage solution.

A wide range of applications, including chemical and drying processes, reactor designs,
and thermal storage, have been studied in the literature concerning heat transfer within
packed beds.

The first analysis of packed bed temperature transients dates back to 1926 and was
undertaken by Anzelius [19]. This later developed into the well-known Schumann model
in 1929 [20], which is essentially a one-dimensional, ‘two-phase’ model allowing for tem-
perature differences between the gas and solid.

Various numerical schemes based on the Schumann approach have since been devel-
oped and validated by measurements [21]. Schumann’s model [20,22,23], which models
fluid flow through a packed bed of solid spheres as a flow through porous media, is a
frequently used basic two-phase model. Sanderson et al. [24] and Regin et al. [25] use
this model to study the effect of various parameters, such as particle diameter on axial
dispersion and pressure drop. The size of particles has a significant impact on the heat
transfer area, which in turn affects the temperature of the fluid as it moves through the
packed bed. The main factor that is affected by particle diameter is the permeability, which
equals [26] the following:

k =
d2

pε3

150 ∗ (1 − ε2)
(1)

according to the Ergun model for non-Darcy flow, k is the permeability, dp is the particle
diameter, and ε is the porosity.

Based on the equation, if the particle diameter increases, the permeability will increase
while the porosity remains constant—permeability is the property of porous materials
that describes the ease with which a substance, such as a fluid or gas, can flow through
the interconnected void spaces within the material. The explanation for this relation is
that larger particles create more open structures between them, which creates greater void
spaces. This facilitates easier fluid movement through the porous medium. Essentially,
permeability is a measure of how easily fluids can move through a porous material.

The relationship between particle size and efficiency can be understood as follows: heat
transfer within the packed bed depends heavily on the surface area of the particles. Smaller
particles have a greater surface area compared to larger ones, which leads to increased
interaction between the fluid and the porous material. As a result, heat is transferred more
effectively from the fluid to the solid, resulting in a higher heat transfer. Therefore, smaller
particles tend to have higher thermal efficiency in applications related to heat storage.

Recently, Navier–Stokes-based 3D optimisation studies were performed by Bataineh
et al. [27]. From the above literature, it is observed that there is no particular theory for the
precise size selection of TES systems.

Singh et al. [16] provided a brief review of analytical models and experimental work.
However, experiments can be expensive and require a numerical simulation approach to
predict the complex transient of storage systems. Recent reviews of analytical or numerical
models are given by Gracia et al. [28] and Elouali et al. [29].

The storage of thermal energy can be divided into three categories, with each method
designed for different purposes. Sensible Heat Storage (SHS) is a widely used technique for
storing and releasing thermal energy by altering the temperature of a medium. Latent Heat
Storage (LHS) involves the energy gained or lost during the transformation of a substance
from solid to liquid, or vice versa. This method is commonly used in low-temperature
applications, and the materials used in this category are known as Phase Change Materials
(PCMs) Lastly, Thermochemical Energy Storage is a method that uses reversible chemical
reactions to store and release thermal energy. This method has a high energy density and
can be used in various applications.

Several packed bed designs are available in the literature, varying in geometry, storage
medium, and heat transfer fluid (HTF). Typically, the HTF travels axially through the store,



Thermo 2024, 4 298

which is cylindrical. The filler is usually a solid substance such as ceramics, alumina, or
crushed rock. Packed beds of this type are classified as SHS because the thermal change in
the filler is responsible for storing energy. As an alternative, PCMs that are encapsulated
can also be used to create LHS systems [30], but this can increase the cost and complexity
of the system.

HTFs can exist in the form of gases, such as air [18,31] or argon [28], or liquids, such as
thermal oils [29] or molten salts [25]. A packed bed storage facility operates in two different
ways, depending on whether it is being charged or discharged. When heat is added to the
bed, the flow usually moves in one direction, and when heat is removed, the flow moves in
the opposite direction.

This paper applies numerical modelling using COMSOL Multiphysics software to
investigate the performance of a thermal energy storage-packed bed system. A parametric
study is conducted to determine the optimum design parameter values, such as the particle
diameter of the porous media, void fraction, storage material, and aspect ratio, in order to
enhance the hot storage packed bed’s overall performance.

2. Methodology

A 2D axisymmetric cylindrical model is constructed using COMSOL Multiphysics
5.3. The hot tank consists of a fully insulated reservoir with a vertical configuration. As
an initial step, the model was set up based on Meier et al. [32], and then the model was
upscaled and validated for high-temperature thermal storage against the results of White
et al. [33]. The results from COMSOL Multiphysics were based on the numerical solution
of the heat transfer and fluid flow in porous media. The developed model was optimised
across a range of design parameters.

2.1. Governing Equations

The model used to simulate packed beds in this paper is a modified version of the
widely used one-dimensional Schumann equations [20]. The approach is based on an
extension of the Schumann model, and it relies on the following assumptions:

• The heat transfer between the gas and solid is limited by the thermal resistance at the
particle surface. This assumption is based on the small size of the particles and the
resulting low Biot numbers.

• The axial direction longitudinal conduction through the bed and heat leakage to the
surroundings occurs through and from the solid. This is performed for convenience.

• The kinetic and potential energy terms for the gas flow are negligible.
• The heat transfer problem was solved numerically by using COMSOL Multiphysics

software. The solution was based on the local thermal nonequilibrium equation,
Fourier’s law, and non-Darcian flow. To describe the transfer of heat in a porous
medium, the local thermal nonequilibrium hypothesis uses two temperature fields.

• The applied conventional momentum and continuity equations are shown in
Equations (2) and (3) [34] as follows:

∂
(

ρ
→
u
)

∂(εt)
+

∇.
[
ρ
→
u
→
u
]

ε2 = ∇.
(

µ∇→
u
)
−∇p + ρ

→
g −

(
µ

k
+

CFρ√
k

∣∣∣→u ∣∣∣)∣∣∣→u ∣∣∣ (2)

∂(ερ)

∂t
+∇.

[
ρ
→
u
]
= 0 (3)

where ρ is the porous media density, µ is the porous media viscosity, CF is the Forcheimer
parameter, and

→
u = ur

→
e r + ux

→
e x represents the superficial velocity vector based on the

total cross-sectional area of the porous media and the HTF.

• Additionally, the Shuman method solves two coupled energy equations independently:
one for solids and one for the HTF. Equations (4) and (5) can be used to explain this
theory [26].
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θsρscp.s
∂Ts

∂t
+∇.qs = qs f

(
Tf − Ts

)
+ θsQs (4)

ερ f cp. f
∂Tf

∂t
+ ρ f cp. f up.∇Tf +∇.q f = qs f

(
Ts − Tf

)
+ εQ f (5)

where θs is the solid volume fraction; ε is the material porosity (void fraction); ρs is the solid
density; ρ f is the fluid density; cp.s is the solid heat capacity at constant pressure; cp.f is the
fluid heat capacities at constant pressure; qs is the solid conductive heat flux; qf is the fluid
conductive heat flux; qsf is the coefficient of the interstitial convective heat transfer; Qs is the
solid heat source; Qf is the fluid heat source; Qted is the thermoelastic damping contribution
straight from the solid mechanics interfaces; q is the conductive heat flux; ∇ is the gradient
operator; Qvd is the viscous dissipation in the fluid; up is the porous velocity vector; Ts is
the temperature of the solid; Tf is the temperature of the fluid; τ is the viscous stress tensor;
S is the second Piola–Kirchhoff tensor; and ∂S

∂t is the operator and the material derivative.
COMSOL utilises Equations (6) and (8) to numerically solve the heat transfer in solid

storage material [26].
ρ f cpu.∇Ts +∇.q = Qs + Qted (6)

Qted = −αT :
∂S
∂t

(7)

qs = −Ks∇T (8)

Equations (9) and (11) solve the heat transfer in heat transfer fluid numerically [26]
as follows:

ρ f cpup.∇Tf +∇.q f = Q f + Qp + Qvd (9)

Qvd = τ : ∇u (10)

q f = −K f∇Tf (11)

In the context of the local thermal nonequilibrium hypothesis, a recall to the modified
version of Fourier’s law of conduction is shown in Equations (12) and (13) [26].

qs = −θsKs∇Ts (12)

q f = −εK f∇Tf (13)

where Ks and K f are the thermal conductivity for the solid and fluid respectively and ε is
the porosity.

The Local Thermal Nonequilibrium Interface is a predefined connection between the
heat transfer that occurs within solids and the heat transfer that occurs within fluids.

Darcy’s law is the fundamental principle governing fluid flow in porous materials,
describing a direct relationship between velocity and pressure gradient. This law is only
valid at very low velocities or low Reynolds numbers (Re < 10). In cases of relatively fast
flow (10 < Re < 1000), Darcy’s linear relation between velocity and pressure drop no longer
applies, and the non-Darcian/Ergun model becomes more suitable. A general expression
for the nonlinear relationship between the pressure gradient and velocity can be written as
follows [26]:

−∇p =
µ

k
→
u +

CF√
k

ρ
→
u
∣∣∣→u ∣∣∣ (14)

where CF is the Forcheimer parameter, and it is dimensionless, k is the permeability, and u
is the fluid velocity vector.

The flow regime through a packed bed can be classified based on the Reynolds number
of the bed, which is calculated using the particle size. A Reynolds number between 150
and 300 suggests a hydrodynamic dispersive flow due to spatial deviation [35]. Table 1
presents the flow regimes defined in various literature sources [36].
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Table 1. The fluid flow regime based on the Reynolds number.

The Fluid Flow Regime The Reynolds Number Range

Darcy or creeping flow regime Re < 10
Forchheimer flow regime 10 < Re < 150
Post-Forchheimer flow regime 150 < Re < 300
Fully turbulent flow regime Re > 300

This paper uses the standard Reynolds-averaged Navier–Stokes (RANS) standard
k-ε model to solve the fluid flow in the porous media using Equations (15) and (16) [26]
as follows:

ρ(u.∇)k = ∇.
((

µ +
µT
σk

)
∇k

)
+ Pk − ρε (15)

ρ(u.∇)ε = ∇.
((

µ +
µT
σε

)
∇ε

)
+ Cε1

ε

k
Pk − Cε2ρ

ε2

k
(16)

where µT = ρCµ
k2

ε , Cµ is the k-ε based model constant, Pk = µT

(
∇u :

(
∇u+(∇u)T

)
− 2

3(∇.u)2
)

− 2
3 ρk∇.u, µ is the dynamic viscosity of the fluid, µT is the eddy viscosity, and Cε1, Cε2, σε, σk

are the constants [36].
The Reynolds number has been calculated using Equation (17) [26] as follows:

Re =
dpρ|u|
(1 − ε)µ

(17)

In the current paper, the flow regime is fully turbulent, where the Reynolds number is
Re > 300.

2.2. Initial Model Set Up and Validation

To verify the accuracy of the numerical analysis performed in COMSOL Multiphysics,
an initial model small was built up, tested, and validated based on Meier’s study [32]. The
initial model dimensions and operating parameters are shown in Table 2.

Table 2. Meier’s model operating parameters and the main setup [32].

Storage Tank Symbol Unit Value

Packed Bed Tank

Tank Diameter D m 0.70
Tank Hight H m 1.93

Charging Temperature Tch
◦C 27.00

Discharging Temperature Tdis
◦C 600.00

Operating Conditions

Particle Diameter dp mm 2.00
Mass Flow Rate

.
m Kg/s 1.10

Porosity ε - 0.45

HTF/Air

Density ρ kg/m3 1.23
Thermal Conductivity K W/(m·K) 11.00
Specific Heat Capacity cp J/(kg·K) 1009.00

After validating the initial model, the model was upscaled based on White’s study [33]
in order to build a commercialised tank size. The dimensions and operating parameters are
presented in Table 3.
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Table 3. Geometry and operating parameters of the hot PTES tanks.

Storage Tank Symbol Unit Value

PTES (Hot Tank)

Tank Diameter D m 4.62
Tank Hight H m 4.62

Charging Temperature Tch
◦C 476.00

Discharging Temperature Tdis
◦C 25.00

Operating Conditions

Particle Diameter dp mm 4.00
Operating Pressure P Bar 10.50

Mass Flow Rate
.

m Kg/s 13.70
Porosity ε - 0.40

The model boundary conditions have been set up as a zero-velocity no-slip wall. At the
inlet, the boundary condition is fully developed with constant mass flow rate velocity, while
there is a pressure that suppresses backflow at the outlet. Adiabatic boundary conditions
are applied at the outer boundary of the insulation material. An incompressible flow was
selected for the fluid, and an operating pressure of 10.5 bar was set for the overall system.

For the upscaled model’s main set up with Fe3O4, the Glass Wool as a wall insula-
tion material and the thermophysical properties for each are presented in Figure 3 and
Table 4, respectively.
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Table 4. Magnetite (Fe3O4) and Glass Wool thermophysical properties [32,33].

Storage Material (Fe3O4) Symbol Unit Value

Thermal Conductivity K W/(m·K) 3.500
Density ρ Kg/m3 5175.000

Variable

Specific Heat Capacity cp,s J/kg·K [104.21 + 178.51×T/1000) + 10.62 × (T/1000)2 + 1.13
× (T/1000)3 − 0.99/(T/1000)2]/0.23
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Table 4. Cont.

Storage Material (Fe3O4) Symbol Unit Value

Insulation Material (Glass Wool)

Thermal Conductivity K W/(m·K) 0.025

Density ρ Kg/m3 1250.000

Specific Heat Capacity cp,s J/kg·K 850.000

The initial model validation results against Meier et al.’s [32] study are shown in
Figure 4.
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Figure 4. Model validation by comparing Meier’s results vs. the numerical results using COM-
SOL Multiphysics.

The comparison shows good agreement between Meier’s study results and the numer-
ical results with only small deviations. The reference work is based on experimental work,
while the COMSOL model is based on the numerical method. The agreement between the
results is satisfactory and, therefore, considered to validate the numerical model.

2.3. Mesh Validation

COMSOL Multiphysics is used to numerically solve the energy equation inside the
solid sensible porous media. The finite element method is used in COMSOL for solving
the partial differential equations. Meshing the geometry of the model is performed by
predefined triangular mesh sizes. The model is solved for eight different mesh types using
the mesh-independent test to find an accurate mesh type. The simulation of the tested
mesh resolution has been conducted and compared using the geometry of White et al. [33]
after 8 h of charging, as shown in Figure 5.

Figure 5 illustrates the temperature difference between the eight different mesh sizes
at three different storage heights (0.5 m, 1.5 m, and 3.5 m) after 8 h of charging compared to
the results obtained from the extremely fine mesh (the finest mesh available). The results
show a convergence for the finest 4 meshes, indicating their suitability for use in this study.
Given that the time requirements for running the simulations were not excessive, the extra
fine mesh was selected and is shown in Figure 6.



Thermo 2024, 4 303Thermo 2024, 4, FOR PEER REVIEW  9 
 

 

Figure 5. The effect of the mesh size on the temperature difference at t = 8 h. 

Figure 5 illustrates the temperature difference between the eight different mesh sizes 

at three different storage heights (0.5 m, 1.5 m, and 3.5 m) after 8 h of charging compared 

to the results obtained from the extremely fine mesh (the finest mesh available). The re-

sults show a convergence for the finest 4 meshes, indicating their suitability for use in this 

study. Given that the time requirements for running the simulations were not excessive, 

the extra fine mesh was selected and is shown in Figure 6. 

 

Figure 6. Zoomed-in extra fine mesh generated by COMSOL for initial model validation. 

2.4. Model Optimisation 

A parametric analysis has been performed in order to optimise the thermal perfor-

mance of the PTES hot storage design during the charging cycle for large-scale applica-

tions. In this regard, four design variables have been investigated: the solid-packed mate-

rial particle diameter, the solid packing material, the void fraction (material porosity), and 

0

10

20

30

40

50

60

70

Exreamly
coarse

Extra
coarse

Coarser Coarse Normal Fine Finer Extra Fine

Te
m

p
re

tu
re

 D
if

fe
re

n
ce

 [
%

]

Mesh Type

At h=0.5 m At h=1.5 m At h=3.5

Figure 5. The effect of the mesh size on the temperature difference at t = 8 h.

Thermo 2024, 4, FOR PEER REVIEW  9 
 

 

Figure 5. The effect of the mesh size on the temperature difference at t = 8 h. 

Figure 5 illustrates the temperature difference between the eight different mesh sizes 

at three different storage heights (0.5 m, 1.5 m, and 3.5 m) after 8 h of charging compared 

to the results obtained from the extremely fine mesh (the finest mesh available). The re-

sults show a convergence for the finest 4 meshes, indicating their suitability for use in this 

study. Given that the time requirements for running the simulations were not excessive, 

the extra fine mesh was selected and is shown in Figure 6. 

 

Figure 6. Zoomed-in extra fine mesh generated by COMSOL for initial model validation. 

2.4. Model Optimisation 

A parametric analysis has been performed in order to optimise the thermal perfor-

mance of the PTES hot storage design during the charging cycle for large-scale applica-

tions. In this regard, four design variables have been investigated: the solid-packed mate-

rial particle diameter, the solid packing material, the void fraction (material porosity), and 

0

10

20

30

40

50

60

70

Exreamly
coarse

Extra
coarse

Coarser Coarse Normal Fine Finer Extra Fine

Te
m

p
re

tu
re

 D
if

fe
re

n
ce

 [
%

]
Mesh Type

At h=0.5 m At h=1.5 m At h=3.5

Figure 6. Zoomed-in extra fine mesh generated by COMSOL for initial model validation.

2.4. Model Optimisation

A parametric analysis has been performed in order to optimise the thermal perfor-
mance of the PTES hot storage design during the charging cycle for large-scale applications.
In this regard, four design variables have been investigated: the solid-packed material
particle diameter, the solid packing material, the void fraction (material porosity), and the
TES tank dimensions (aspect ratio). A summary of the considered variability range for the
studied parameters is presented in Table 5.
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Table 5. Parametric analysis variables and their range of study.

Medium particle diameter Full range (4, 20, 40, 80, 100, 120, 140, 160) mm
Solid medium material NaCL, reinforced concrete, cast iron, silica, and Magnesia.
Void fraction (0.1, 0.2, 0.4, 0.6)
Aspect ratio (H/D) (3.65, 2.30, 1.50, 1.00)

Three performance indicators have been used to study the performance of the packed
bed with the purpose of finding the optimum design variable values for the storage tank.

• Capacity factor (CF)

This method is based on calculating the useful energy stored after 8 h of the charg-
ing cycle divided by the maximum possible thermal energy storage [12], as shown in
Equation (18)

CF =

∫ L
0 (1 − ε)π

4 D2ρscps(Ts − Ts,i)dz

(1 − ε)π
4 D2ρscpsL

(
Tf i − Ts,i

) (18)

Here, the capacity factor (CF) represents the fraction of the total storage capacity that
is filled. The governing equation includes several parameters, as well as solid particle and
HTF properties. These are shown in Table 3.

• Total energy stored

The second method that has been derived to evaluate the storage tank performance [12]
is based on calculating the total energy stored after 8 h of the charging cycle using
Equation (19) as follows:

E stored =
∫ L

0
(1 − ε)

π

4
D2ρscps(Ts − Ts,i)dz (19)

• Heat transfer efficiency

According to the assumption from White’s study [33], the storage tank design pa-
rameters have been evaluated based on the control volume approach for an open system
by calculating the stored energy inside the porous media after 8 h of the charging cycle
divided by the input energy of the fluid. See Equation (20) [37] as follows:

ηHT(z) =
(Ts,i − Ts,o)(
Tf ,i − Ts,i

) (20)

Based on the calculation results, the performance of the packed bed hot storage
performance has been evaluated in order to find the optimum design variable values.

3. Results and Discussion

This paper presents the development of a hot storage-packed bed model derived from
White’s model. White’s model used argon as an HTF, and Fe3O4 was used as the packed
storage material, with a particle diameter of 4 mm, a mass flow rate of 13.7 kg/s, and a
void fraction of 0.4. The model has a height and width of 4.62 m.

Changing the heat transfer fluid to air is the first step in the model. Next, the particle
diameter is examined to determine the optimal value, with a range chosen based on a
literature review while maintaining other parameters unchanged. Following the selection
of the optimal particle diameter, this paper discusses selecting the optimum porosity and
storage material. The optimum particle diameter is then used alongside different packed
storage materials and material porosities while maintaining a constant mass flow rate and
aspect ratio. The aspect ratio is then tested under constant volume using the optimum
particle diameter, material porosity, and storage material. The optimisation results are
presented in the sections that follow.
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3.1. Optimum Particle Diameters

In this paper, solid particle diameters of 4, 20, 40, 80, 100, 120, and 160 mm were used
to investigate the effect of particle size on the performance of the hot storage tank during
the charging process. The capacity factor and the total energy stored calculation methods
results are shown in Figures 7 and 8, respectively.
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Figure 7. The capacity factor is based on the stored energy versus the particle diameter after 8 h
of charging.
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Figure 8. The total stored energy [MJ] versus the particle diameter after 8 h of charging.

According to Figure 7, the capacity factor increases as the particle diameter and the
amount of energy stored over the eight hours decrease. Figure 8 shows that the total energy
stored increases as the particle diameter size decreases.

The temperature profile of different particle diameters along the packed bed after
eight hours of charging is presented in Figure 9.

Based on Figure 9, the temperature of particles with the smallest diameter increases
more rapidly than the temperature of particles with the largest diameter. This is due to the
fact that the smallest particle diameter has the largest surface area and the greatest number
of particles, which enhances the heat transfer performance of the smaller particle sizes.
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Figure 9. Temperature profile along the Z-axis of the packed bed after 8 h of charging time at dp (4,
20, 40, 80, 100, 120, 140, and 160 mm).

Accordingly, Figure 10a illustrates the heat transfer efficiency along the Z-axis (packed
bed height) after 8 h of charging time; similar results have been provided after 2, 4, and
6 h of charging. It is clear that the heat transfer efficiency profile pattern follows the
temperature profile in Figure 9 and agrees with the conclusions obtained in Figures 7 and 8,
which show that the smallest particle diameter is associated with the highest performance.
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Figure 10. The heat transfer efficiency ηHT(z) for a range of dp (4, 20, 40, 80, 100, 120, 140, 160 mm)
after 8 h of charging. (a) The heat transfer efficiency along the Z-axis of the packed bed. (b) The heat
transfer efficiency for each particle diameter size at Z = 0.

Figure 10b shows the heat transfer efficiency of each particle size after 8 h of charging.
Based on these results, a conclusion is drawn that the smallest particle diameter

provides a high energy storage and a more efficient process, which is consistent with the
literature review viewpoint.

3.2. Material Selection and Porosity

Storage materials play a crucial role in converting heat energy, as their physical and
thermal properties largely determine their effectiveness. To be considered suitable for use,
storage materials must possess a high energy density, high heat capacity, high thermal
conductivity, long-term cycle stability, good mechanical stability, and low carbon footprint,
and also be composed of sustainable, non-toxic materials that are compatible with the
intended operating conditions.

In this study, five solid Sensible Heat Storage materials that are suitable for TES
systems operating at temperatures above 500 ◦C have been selected. The thermophysical
properties of the selected solid packing materials are shown in Table 6 [6,38,39].

Table 6. Thermophysical properties of different solid packing materials [40,41].

Material NaCl Reinforced Concrete Cast Iron Silica Magnesia

cp [J/Kg·K] 850 850 560 1000 1150
ρ [Kg/m3] 2160 2200 7200 1820 3000
K [W/m·K] 7.0 1.5 37 1.5 5.0

Porosity refers to the measure of void spaces in a material, and it affects the way fluids
flow through it. In fluid dynamics, the impact of porosity on pressure drop is significant,
especially in the flow through porous media. The Darcy–Weisbach equation is commonly
used to describe pressure drop in porous media. This study selected six different porosity
values from 0.1 to 0.6 to find the optimum value for the hot storage design.

Figure 11 presents the relation between the hot tank capacity factor against the material
porosity for the different materials considered.
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Figure 11. The capacity factor vs. material porosity for 5 solid storage materials.

Figure 11 shows the charging efficiency among five solid sensible storage materials
after 8 h of charging. The capacity factor of Magnesia is comparatively low. For instance, at
a porosity level of 0.2, the capacity factor of Magnesia is approximately 7%, which signifies
it still has the capacity to store up to 14 times as much energy. This also means that if the
full capacity is not required, the container could be made smaller. When compared to other
materials, like NaCl, reinforced concrete, and silica, Magnesia has a higher charging factor
of around 13–14% after 8 h of charging. Although cast iron performs slightly better than
Magnesia, it shows poorer performance in Figure 12 with respect to the total energy stored.
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Figure 12. Total energy stored vs. material porosity for 5 solid storage materials.

Figure 12 shows that Magnesia performs well. It stores slightly more than NaCl and
slightly lower than reinforced concrete and silica, and they perform much better than cast
iron. Although cast iron was seen to perform slightly better than Magnesia in Figure 11,
and its poor performance in terms of energy stores, as seen in Figure 12, suggests that it is
not an ideal material for the backed bed.
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Accordingly, Magnesia performs the second best according to both efficiency and
energy stored, and is only slightly behind the silica and reinforced concrete in Figure 12
and the cast iron in Figure 11. In terms of the porosity, it is clear that the total energy stored
increases by decreasing the porosity, suggesting that both 0.1 and 0.2 would be appropriate
values. However, Figure 13 shows that the pressure drop through the storage container
starts to increase at the lower porosity values, so a porosity of 0.2 has been selected.
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After analysing Figures 11–13, it has been concluded that porosity affects the three
primary design factors: pressure drop, heat transfer, and energy storage.

3.3. Optimum Aspect Ratio

When designing thermal energy storage tanks for high-temperature applications, it is
important to consider the aspect ratio. This ratio affects the efficiency of heat transfer within
the storage medium. By optimising the aspect ratio, heat can be distributed effectively
throughout the storage material, which is crucial for charging and discharging processes in
high-temperature applications.

The aspect ratio in tanks refers to the ratio of the tank’s height to its diameter or width.
It is a geometric parameter that characterises the shape of the storage tank and is denoted
by an aspect ratio = H/D.

Another numerical investigation has been conducted to explore the influence of
studying different aspect ratios on the performance of a hot storage tank.

Four different aspect ratios have been tested and conducted in this paper, where the
volume of the container was kept fixed, as shown in Table 7.

Table 7. The studied aspect ratio.

Aspect Ratio h [m] D [m] Volume [m3]

1 4.62 4.62 19.36
1.5 6.00 4.00 19.36
2.3 8.00 3.5 19.36

3.65 10.96 3.00 19.36

The aspect ratio plays a critical role in determining the temperature distribution
within the tank. A higher aspect ratio results in a more even temperature distribution,
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while a lower aspect ratio may cause significant temperature variations from the top to
the bottom of the tank. This is because a tank with a higher aspect ratio experiences a
smaller temperature gradient along its height, leading to a more homogeneous temperature
distribution.

Table 8 shows the effect of changing the aspect ratio on the heat transfer, total energy
stored, and system efficiency.

Table 8. Aspect ratio effect on hot storage efficiency.

Capacity Factor [%]

Time [h] Aspect Ratio (1) Aspect Ratio
(1.5)

Aspect Ratio
(2.3)

Aspect Ratio
(3.65)

2.00 1.66 1.68 1.76 1.81
4.00 3.30 3.42 3.54 3.62
6.00 4.98 5.22 5.36 5.45
8.00 6.72 7.10 7.21 7.29

Stored Capacity [MJ]

Time [h] Aspect Ratio (1) Aspect Ratio
(1.5)

Aspect Ratio
(2.3)

Aspect Ratio
(3.65)

2.00 400.60 405.36 423.78 436.10
4.00 793.64 823.29 853.27 872.21
6.00 1200.35 1257.74 1291.98 1313.48

8.00 1619.02 1701.90 1735.79 1757.25

Heat Transfer Efficiency [%]

Time [h] Aspect Ratio (1) Aspect Ratio
(1.5)

Aspect Ratio
(2.3)

Aspect Ratio
(3.65)

2.00 57.66 67.76 77.87 89.28
4.00 75.62 85.06 94.02 99.23
6.00 82.89 91.77 98.86 99.56
8.00 84.69 93.91 99.99 100.00

According to the results shown in Table 8, the highest aspect ratio shows a high-
capacity factor, high total energy stored, and high heat transfer efficiency with a slight
difference between the amount of energy stored and the system efficiency. The results in
Table 8 show that the highest aspect ratio shows a high-capacity factor, high total energy
stored, and high heat transfer efficiency. However, the differences are relatively small, and
other features should also be considered, such as the increased pressure drop across longer
storage devices.

3.4. Temperature Profile

Figure 14 shows the temperature distribution within the storage tank with an aspect
ratio of 1 and with the parameters selected based on the optimised parameters found in the
preceding analysis. Magnesia is used as the packed bed material with a particle diameter of
4 mm and a porosity of 0.2. This Figure shows the evolution of the temperature distribution
within the storage system at selected times over the first four hours of charging and indicates
how the temperature profile within the packed bed evolves over the charging process.
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Figure 14. The temperature distribution along the storage tank at different charging times: (a) 1 h,
(b) 2 h, (c) 3 h, and (d) 4 h.

4. Conclusions

A parametric analysis has been performed in order to optimise the thermal perfor-
mance of the PTES hot storage design for large-scale applications. Five design parameters
have been investigated: the solid-packed material particle diameter; the solid packing
material; the material porosity; and the TES tank dimensions (aspect ratio).

In this paper, three performance indicators were applied to evaluate and optimise the
performance of the PBSS, including finding the capacity factor, total stored energy, and
calculating the methods for calculating heat transfer efficiency during charging the storage
tank, which led to the following outcomes:

• The diameter of particles affects the performance temperature profile of a packed
bed. Within the range of particle sizes considered here, the smallest diameter of 4 mm
demonstrated the optimal performance and was selected because it provided superior
performance to the larger particles considered, while at the same time being large
enough to make it practical to include in a large-scale commercial system.

• The porosity effects were evaluated against the same performance criteria but also
against the pressure drop. The results showed that the capacity and performance of
the storage increased with reducing porosity, while the pressure drop increased, which
increased the costs and energy consumption while reducing the system efficiency.
To achieve a compact design with optimal heat transmission performance and low-
pressure drops, a porosity of 0.2 has been selected as an optimum design parameter in
this paper.

• Magnesia has been selected based on the results for the total energy stored and
the charging capacity. In both cases, Magnesia performed well and was close to
being the optimal material. Based on this, Magnesia was selected as having the best
overall performance.
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• The effect of the aspect ratio on the efficiency of the packed bed was investigated.
Based on the results, the highest aspect ratio shows a high-capacity factor, high total
energy stored, and high heat transfer efficiency. Conversely, from the pressure drop
point of view, as the aspect ratio decreases, the pressure drop increases because the
increase in the height of the packed bed increases the losses in the kinetic energy and
hence decreases the pressure. Based on that, selecting an aspect ratio with a low-
pressure drop that is easy in manufacturing terms has been taken into consideration,
and an aspect ratio of 1 has been selected as an optimum parameter in this paper.

In conclusion, this paper found that a PBSS with 0.2 void fractions, an average diameter
of the packed bed material of 0.04 m, air as the HTF, Magnesia as the packed bed material,
and an aspect ratio of 1 provided a maximum efficiency across the length of the packed
bed and have been selected as the optimum parameters for the charging cycle.
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Nomenclature

Abbreviation Greek symbols
TES Thermal Energy Storage θs The solid volume fraction
PBSS Packed Bed Storage System ε The porosity (void fraction)
PTES Pumped Thermal Energy Storage α The thermal diffusivity
CAES Compressed Air Energy Storage σε Constant = 1.00
PHES Pumped Heat Energy Storage σε Constant = 1.30
RTE Round Trip Efficiency ∇ The gradient operator
HTF Heat Transfer Fluid Subscripts
SHS Sensible Heat Storage s Solid
LHS Latent Heat Storage f Fluid
PCM Phase Changed Material P Particle

h Hot
c Cold

Roman Symbols
l The length scale qf The fluid conductive heat fluxes
C The heat leakage factor qsf The interstitial convective heat transfer coefficient
Cf The coefficient of friction Qf The solid and fluid heat sources
CF The Forcheimer parameter; it is dimensionless Th The inlet’s hot temperature
Cµ k-ε based model constant = 0.09 Tc The outlet’s cold temperature
Cε2 Constant = 1.92 Ts The porous bed temperature
Cε1 Constant = 1.44 Tf The fluid phase temperature
dp The particle diameter up The porous velocity vector
K Thermal conductivity
k The permeability
q The conductive heat flux
qs The solid material conductive heat fluxes
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