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H I G H L I G H T S

• A new heat transfer model of PCM based on energy asymmetry is built.

• An experimental facility is built to validate the model.

• The asymmetrical model has higher accuracy than the symmetrical model.
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A B S T R A C T

The melting process and the solidifying process of phase change material (PCM) are usually considered sym-
metrical in the traditional PCM heat transfer models, but there are inevitable calculation errors using these
models. In this paper, a new heat transfer model of PCM based on the energy asymmetry was built, and it was
validated by experimental data. It was found that the two main reasons for the energy asymmetry of the PCM
were the melting temperature range and the solidifying temperature range were not the same and the super-
cooling problem during the cooling process. No matter for only one thermal cycle or for the multiple thermal
cycles, the results from the asymmetrical model and the symmetrical model were different. Apparently, com-
pared with the symmetrical model, the asymmetrical model had higher accuracy, and the heating/cooling
process in the asymmetrical model was more consistent with the real heating/cooling process of the PCM.

1. Introduction

Energy storage can reduce the time, space or rate mismatch between
energy supply and demand, thereby it is playing an important role in
energy conservation. Energy storage could save energy and make the
system more effective by reducing the wastage of energy [1]. Among all
the energy storage technologies, the thermal energy storage is re-
cognized as one of the most effective technique to improve the per-
formances of the energy systems [2,3]. Especially, it possesses a great
adaption to the renewable energy [4].

Thermal energy storage is generally classified as sensible heat sto-
rage and latent heat storage. While, the latent heat storage system with
phase change materials (PCMs) has attracted more and more researches
in the last two decades [5,6]. PCM absorbs or releases the latent heat
when the temperature of the material undergoes its phase change
process. The advantages of PCM system include higher energy storage
density, smaller temperature variation during the phase change process

while requiring smaller masses and volumes of material [7,8]. There-
fore, PCMs have been used in many fields, not only in traditional areas
such as solar energy storage and building heating/cooling, but also in
new areas such as battery thermal management, photovoltaic cells and
food preservation, etc.

Phase change of a material is described by a particular kind of
boundary value problem for partial differential equations, where phase
boundary can move with time [9]. The heat balance equation in three
dimensions at the solid-liquid interface of this phase change condition
(i.e., Stefan condition) is:
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where ρ is the density, H is the heat of fusion of PCM, s(τ) is the solid-
liquid interface position, λ is the thermal conductivity, t is the tem-
perature, τ is the time, n is the normal to the interface, subscript s and l
refers to solid and liquid phases.
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Eq. (1) is suitable for both melting process and solidifying process.
Usually, the solidifying process of PCM is recognized as the exact in-
verse process of its melting process, which means that there is only one
PCM enthalpy-temperature curve which is used for both cooling process
and heating process. The enthalpy of PCM is only dependent on its
temperature. In other words, for each small temperature range, the
amount of absorbed heat when the PCM is heated is the same as the
amount of released heat when it is cooled. Therefore, the melting
process and the solidifying process of PCM could be considered sym-
metrical [10]. Accordingly, in most of the PCM models, the melting
temperature and the solidifying temperature are usually considered to
be the same or the melting temperature range and the solidifying
temperature are considered to be the same. Saffari et al. [11] proposed
an optimization method coupled with an innovative PCM enthalpy-
temperature function to find out the optimum PCM melting tempera-
ture, the melting temperature range and the solidifying temperature
range in their model were set to be the same. Tay et al. [12] built a new
simplified two dimensional mathematical model to characterize phase
change material systems, the melting temperature and the solidifying
temperature of the chosen PCM were both 35 °C. Zhao and Tan [13]
developed a numerical model for the PCM thermal storage unit, the
phase change temperature range (i.e., both melting and solidifying) in
their model was 19–23 °C. Jin et al. [14,15] built the PCM wall models
and tried to find the optimal PCM location in the wall, the melting
temperature range and the solidifying temperature range in the models
were also the same. Other PCM models, such as natural cooling energy
storage model [16], tube-in-tank latent thermal energy storage model
[17], PV/PCM cell heat transfer model [18], PCM floor model [19,20],
and PCM board model [21,22], also showed that the melting tem-
perature ranges and the solidifying temperature ranges were all the
same.

However, because the melting temperature range and the solidi-
fying temperature range of PCM are unlikely to be exactly the same,
and the PCM may have supercooling problem [23,24], our previous
research has showed that the melting process and the solidifying pro-
cess of PCM are asymmetrical [10]. Therefore, the PCM models are
divided into two types in this research, which are symmetrical model
and asymmetrical model respectively.

The PCM will absorb or release an amount of latent heat during its
phase change process. Usually, the latent heat of PCM is represented by
the effective heat capacity indirectly, which considers the phase change
process as a sensible process with an increased (effective) heat capacity.
The effective heat capacities of PCM during heating/cooling process in
symmetrical model and asymmetrical model are shown in Fig. 1. The
effective heat capacity of PCM in its phase change temperature range
was assumed to be uniform. As shown in this figure, the melting tem-
perature range of the PCM is [tm1, tm2], the solidifying temperature
range is [ts1, ts2]. If [tm1, tm2] and [ts1, ts2] are the same, and for a certain
temperature value, the effective heat capacity in the heating process is
always equal to that in the cooling process (only considering the ab-
solute values), just as shown in Fig. 1(a). It means the melting process
and the solidifying process are symmetrical. Here, the model is referred
to as the symmetrical model.

As shown in Fig. 1(b), [tm1, tm2] and [ts1, ts2] are not the same, and
the PCM could not release the latent heat until it is cooled down to tc,
then the PCM is heated up to ts2 from tc by a part of latent heat released
by itself. The solidifying temperature range of PCM is still [ts1, ts2], so it
will release the rest of latent heat when it is cooled to ts1 from ts2. The
PCM temperature variations with time during the heating process and
the cooling process are shown in Fig. 2, which also shows the differ-
ences between the symmetrical model and asymmetrical model. It will
be discussed in detail later in Section 2. In Fig. 1(a), if the PCM tem-
perature is known, it is very easy to find that the value of the effective
heat capacity in the heating process is always equal to that in the
cooling process. However, in Fig. 1(b), they are not the same. For ex-
ample, when the PCM temperature is between ts2 and tm2, the effective

heat capacity in the heating process is much higher than that in the
cooling process. Therefore, the melting process and the solidifying
process of PCM are asymmetrical. Accordingly, the model is referred to
as the asymmetrical model.

Because the heating/cooling process of the PCM in the symmetrical
model does not fully accord with its real heating/cooling process, the
calculation errors of the model are inevitable, and the errors may be
significant, especially when there is a serious supercooling problem.
According to the published papers in the databases, the enthalpy
method [25–28], the effective heat capacity method [15,21,29–31],
and the heat source method [29,32–34] are the most common methods
to build the numerical heat transfer PCM models. However, the melting
processes and the solidifying processes in the models with these
methods are all symmetrical. The most popular kinds of commercial
software such as EnergyPlus, ANSYS Fluent, and ESP-r also have the
phase change modules, but which are still based on the energy sym-
metry.

In only a few PCM models, the supercooling in the solidifying pro-
cess is taken into account. Gunther et al. [35] introduced an algorithm
for a simple but expedient modeling of supercooling and solidification
in the PCM, the method was based on the explicit finite volume method
and the enthalpy method. Uzan et al. [36] developed a novel mathe-
matical model of multidimensional PCM solidification with super-
cooling. It was shown that the model could reflect the experimental
results fairly well, especially when predicting temperatures at various
locations inside the material. Bédécarrats et al. [37] presented a nu-
merical study on the behavior of a test plant which was a tank filled
with spherical nodules containing a phase change material. In the nu-
merical model, the supercooling of PCM was considered during its
crystallization process. Bony and Citherlet [38] built a numeric model

Fig. 1. Effective heat capacity of PCM in the heating process and the cooling process (a)
Symmetrical model; (b) Asymmetrical model.
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