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Summary. An unsteady one-dimensional computational model has been developed to inves-
tigate the integration of encapsulated phase change materials in a structured thermal energy
storage system. The model has been validated against experimental results available in the lit-
erature. The study examines three different phase change materials (NaNO3, KOH, and H380),
focusing on how the accumulated energy varies with the thickness of the phase change material
layer and the proximity of the melting point to the system’s operating temperatures.

1 INTRODUCTION

The intermittent nature of renewable energies may delay their rapid growth. To overcome
this challenge, novel energy storage methods or enhancements to existing ones are required.
Thermal energy storage has been extensively studied as a potential solution to this issue. These
systems can be used in conjunction with concentrated solar power, where molten salt is used as
a heat transfer fluid. However, molten salt is the most expensive component of these systems.
Therefore, in recent years, alternatives have been studied where only a single tank is needed,
and a solid filler and encapsulated phase change material (EPCM) is used to substitute a part
of the fluid. A promising alternative that has emerged in recent years is the use of structured
solid filler materials made from waste materials such as ceramics or concrete [1].

A promising approach to advance the development of structured thermoclines is to integrate
EPCM into this innovative type of system [2]. The objective of this study is to develop a
mathematical and numerical model that couples the EPCM in both spheres and tubes with
structured thermoclines. The model involves a one-dimensional discretization of the filler ma-
terial structure, with another one-dimensional discretization of spheres or tubes applied in the
EPCM regions. The energy equation is solved using an enthalpy method to account for phase
change. Unlike other one-dimensional EPCM models in the literature [3], an innovative aspect
of this model lies in its capability to account for volume changes of the phase change material
inside the spheres or tubes during the transition from solid to liquid states. This is achieved
by integrating the mass equation, leading to changes in the apparent diameter of the EPCM
domain while maintaining a constant diameter of the spheres or tubes.

This study is innovative in its aspiration to integrate an existing technology (EPCM) into
a novel thermal energy storage system (structured thermocline). After the model is validated
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against experimental data, it is used to obtain the accumulated energy for three different mate-
rials (NaNO3, KOH, H380) in function of the thickness of the phase change material layer and
the proximity of the melting point to the system’s operating temperatures.

2 METHODOLOGY

2.1 Case geometry

The thermal energy storage (TES) system under study is a structured type that incorporates
encapsulated phase change material in tube format, with an outer diameter of 33.7mm, a thick-
ness of 2mm, and a void fraction between the molten salt and the tubes of 0.47. The geometrical
design includes a solid filler material composed of waste ceramic products. The ceramic matrix
has perforations through which molten salt flows, facilitating thermal energy storage. The TES
system is depicted in Figure 1, showcasing two configurations: one with the EPCM positioned
at the bottom and the other with the EPCM at the top. The structure includes a buffer region
at the top and a sump region at the bottom, which zones are used to extract or inject the fluid
and give some thermal inertia to the system.

Thot

Tcold

Thot

Tcold

EPCM

EPCM

Figure 1: Thermocline structured geometry representation with EPCM positioned at the bottom (left)
and top (right). Figure extracted from [4].

Regarding the two studied cycles, during the charging process, molten salt flows from the
top to the bottom of the tank until the temperature at the bottom reaches a predetermined
cutoff temperature. Conversely, the flow direction reverses during the discharging process, and
molten salt is discharged from the bottom to the top until the top temperature achieves the
cutoff temperature. Table 1 shows the main geometrical and operational parameters used in the
simulations.
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Table 1: Main geometrical and operational parameters considered in this study.

Parameter Acronym Value

Tank diameter Dtank 45 m
Height of the sump region hbot 1 m
Height of the tank bed hbed 11.5 m

Height of the buffer region (at Tcold) htop 0.5 m
Channel diameter d 0.01 m

Distance between channels Ltp 0.02 m
Channels arrangement Arr. 30°C

Hot temperature Thot 385°C
Cold temperature Tcold 290°C

Cutoff temperature difference ∆Tco 15°C
Overall tank mass flow charge ṁc

all 1635 kg/s
Overall tank mass flow discharge ṁd

all 837 kg/s

2.2 Governing equations

The molten salt and filler material are modelled using a one-dimensional discretization along
the axial direction, divided intoN control volumes (CVs). The equations presented by Schumann
in 1929 [5] are solved for a porous solid in contact with a fluid. These equations are enhanced by
modifying the wetted area to consider the convection with all the tubes instead of the traditional
solid particles. The energy conservation equations for molten salt and solid filler material are
given in Equations (1) and (2). The encapsulated phase change material is modelled with a
radial discretization for each of the N control volumes, using M CVs in the radial direction.
The energy conservation equation includes the latent heat by relating enthalpy and temperature,
as shown in Equation (3). Convective terms are applied as boundary conditions. Special energy
balances are applied for the buffer and sump regions. The governing equations are as follows:
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In these equations, ρ, λ, and cp are the density, thermal conductivity, and specific heat,
respectively, α is the local heat transfer coefficient, and ϵ the void fraction, which is the molten
salt volume relative to the total volume. aw is the wetted area per unit volume, vz,f the velocity
of the fluid flow, and q̇lost represents the heat losses per unit volume to the ambient. The
subindex f refers to the fluid, and the subindex s refers to the solid. For the case inside the
channels in the structured thermocline, the empirical correlation for Nusselt is obtained following
Taborek et al.’s correlations [6]. In the case of the EPCM, a correlation for tubes in cross-flow
is used, following the work of Zukauskas [7].
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2.3 Thermophysical properties

The properties of the molten salt, specifically Solar Salt, are taken from Zavoico et al. [8].
The solid filler material has a density of 2785 kg/m3, a thermal conductivity of 0.57 W/mK,
and a specific heat capacity of 1148 J/kgK. Finally, Table 2 presents the properties of the PCMs
examined in this study.

Table 2: Thermophysical properties of the used PCM.

Property NaNO3 [9] KOH [10] H380 [11]

Density (kg/m3) 2075 2040 2050
Specific heat (kJ/kgK) 1444 1340 1530
Latent heat (J/kg) 1.75E5 1.34E5 2.25E5

Thermal conductivity (W/mK) 0.5 0.5 0.56
Melting Point (°C) 306 380 382

3 CODE VERIFICATION AND VALIDATION

For the verification of the code and validation of the mathematical formulation, an experi-
mental setup is simulated to compare the computational results with the ones obtained in the
experiments. The experimental setup, presented by Keilany et al. [12], comprises a thermal
energy storage system with several key parameters. The storage tank has a diameter of 1.2 me-
ters and a filler height of 2.53 meters. The system starts at an initial temperature of 312°C, the
maximum temperature achieved during the experiment, indicating the upper limit of the tem-
perature range. The minimum temperature observed in the system is 226°C, marking the lower
limit during the cycle. The experiment simulates a discharge cycle, extracting thermal energy
from the storage material. The heat transfer fluid used in the system is Jarytherm Oil, with a
mass flow rate of 0.555 kg/s. The EPCM used is sodium nitrate (NaNO3), configured as a tube
to provide a specific surface area for heat exchange. The filler material in the tank is Alumina
(Packed Bed distribution), which provides structural support and thermal conductivity.

Figure 2 compares the experimental results and the computational results derived from the
model proposed in this study. The temperature profiles shift from left to right, starting from
a uniform temperature of 312 ºC. The temperature profiles exhibit a very similar pattern,
and a change in the slope of the profile can be observed on the right side of the plot. This
change corresponds to the location of the EPCM changing phase. The results obtained from
this comparison are satisfactory for validating the mathematical formulation. Additionally, a
numerical study was conducted to determine the appropriate number of nodes and time steps,
verifying that the simulation results are independent of these parameters. The structured layer
of the thermocline has been validated against the computational results of Vera et al. [13, 14].
Although the model can consider heat losses to the exterior, such losses have been neglected in
this study.
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Figure 2: Comparison with the experimental results of Keilany et al. [12] for temperature profiles over
time.

4 RESULTS

The previously presented structure is simulated, incorporating the three alternatives for the
EPCM: NaNO3, KOH, and H380. The EPCM is positioned at the lower part for the NaNO3
case and the upper part for the H380 and KOH cases. Results are obtained for the accumulated
energy in each of the three cases, considering the thickness of the phase change material layer
and the proximity of the melting temperature to the system’s operating temperature. All the
presented results are obtained under cyclic periodic conditions.

Figure 3 shows the accumulated energy relative to the EPCM thickness, which is the percent-
age of EPCM relative to the total height of the filler material. In all cases, optimal results are
achieved when utilizing a small EPCM height relative to the total height of the filler material
bed. NaNO3 exhibits poor performance and, in some cases, even negative performance. This
could be attributed to its melting temperature of 306 ◦C. With a cut-off temperature difference
of 15 ◦C and a cold temperature of 290 ◦C, it falls outside the melting/solidification range of
the EPCM.

It can be observed that despite the less favourable physical properties of energy density
and latent heat for KOH, it exhibits superior performance across all heights and lower cutoff
temperature differences. This observation may be attributed to temperature differences of the
hot/cold temperature, the EPCM’s melting temperature, and the cutoff temperature difference.
H380*, which is a fictional EPCM with 380 ◦C as a melting temperature, is simulated, and it can
be seen that it exhibits superior performance for all thicknesses due to its better thermophysical
properties and the same melting temperature as KOH.
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Figure 3: Accumulated energy as a function of thickness percentage of EPCM for three materials as
EPCM for a cutoff temperature difference of 15◦C.

In Figure 4, the accumulated energy is evaluated for a fictional EPCM where its melting
temperature is considered as the distance between the hot region for the top EPCMs and the cold
region for the bottom EPCMs. Given a cut-off temperature of 15 ◦C, the EPCM’s effectiveness
diminishes if the temperature difference exceeds this threshold. The top EPCMs (H380 and
KOH) perform well within the 10-15 ◦C range, whereas the bottom EPCM (NaNO3) begins to
decline in effectiveness when the temperature difference surpasses 10 ◦C.
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Figure 4: Accumulated energy as a function of the distance of the melting temperature from the hot/cold
temperature for three materials as EPCM and without EPCM for a cutoff temperature difference of 15◦C
and a EPCM thickness of 10 %.
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5 CONCLUSIONS

The integration of encapsulated phase change material in a structured thermal energy storage
system is studied. The fluid and filler material are discretised using an unsteady one-dimensional
approach, while the EPCM is discretised one-dimensionally in the radial direction. The model
is well-verified and validated using experimental results from other authors. Optimal results are
achieved when the EPCM constitutes a small part of the height relative to the filler material
bed and a distance between the melting point and the hot/cold regions of 10-15 ◦C.

Despite KOH having thermally unfavourable properties, it exhibits superior performance.
NaNO3 demonstrates poor performance at low cutoff temperature differences due to its high
melting temperature (306 ◦C) with respect to the cold temperature (290◦C), preventing melting
at low cutoff temperatures. H380 possesses favourable thermal properties, but its relatively
high melting temperature (382 ◦C), close to the hot temperature (385 ◦C), limits its latent heat
energy utilisation. H380* has a better behaviour than KOH, confirming the importance of the
distance of the melting temperature from the hot temperature. The top EPCMs (H380 and
KOH) perform well within the 10-15 ºC range (close to the 15 ◦C cutoff temperature), whereas
the bottom EPCM (NaNO3) begins to decline in effectiveness when the temperature difference
surpasses 10 ◦C.

In future work, a more detailed study will be conducted on the EPCM thickness and the
distance of the melting temperature of different materials from the hot/cold temperatures for
various cut-off temperatures and different EPCM thicknesses. This study will be valuable for
determining the optimal material for a specific structured TES, as well as identifying the ideal
operational parameters to maximize the potential of the EPCM.
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(Spain), CDTI (Spain), Jülich (Germany), SFOE (Switzerland). CSP-ERA.NET is supported
by the European Commission within the EU Framework Programme for Research and Inno-
vation Horizon 2020 (Cofund ERA-NET Action, Nº 838311). The first author acknowledges
the financial support from the “Departament de Recerca i Universitats de la Generalitat de
Catalunya” and the “Fons Social Europeu” with the predoctoral grant JOAN ORÓ FI AGAUR
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and numerical study of combining encapsulated phase change material to sensible heat
storage material in one-tank pilot scale thermal energy storage,” J. Energy Storage, vol. 51,
p. 104504, 2022. DOI: 10.1016/j.est.2022.104504.

[13] J. Vera Fernandez, G. Colomer, O. Sanmart́ı, C. Perez, ”Modelization of a molten
salt thermal energy storage for concentrated solar power,” in 8th European Congress on
Computational Methods in Applied Sciences and Engineering, 2022. DOI: 10.23967/ecco-
mas.2022.182.

[14] J. Vera Fernandez, O. Sanmart́ı, S. Torras, C.D. Perez Segarra, ”Parametric Study of
Structured Thermocline Storage Systems,” in EuroSun 2022 - ISES and IEA SHC Inter-
national Conference on Solar Energy for Buildings and Industry, 2022. DOI: 10.18086/eu-
rosun.2022.13.22.

8


	INTRODUCTION
	METHODOLOGY
	Case geometry
	Governing equations
	Thermophysical properties

	CODE VERIFICATION AND VALIDATION
	RESULTS
	CONCLUSIONS
	ACKNOWLEDGEMENTS

