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Design and characterization of a portable heat storage facility
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Abstract – This paper deals with the experimental investigation of transient behavior and thermal storage
capability of a sensible heat storage unit. The former is designed to store solar energy by using sand as
a storage medium. A cubic unit has been designed employing three configurations of embedded charging
tubes to study the performances of the system. The storage material used in this experimentation (sand)
has been characterized by its, grain size, density, and heat capacity. Performances of the thermal storage
bed (including charging time, energy stored rate, charging energy efficiency) have been evaluated for
selecting the storage material. From our experiments, we found that the number of charging tubes affects
significantly the storage performances.

Key words: Heat storage / characterization / design / sand / thermal behavior

Nomenclature

Cp Specific heat of the storage medium (J.kg−1.K−1)

m Mass of the storage medium (kg)

Q Heat storage capacity (J)

t Time (hour)

T Temperature (◦C)

Tf Final temperature (◦C)

Ti Initial temperature (◦C)

Tini Initial temperature of storage bed (◦C)

Tinlet HTF inlet temperature (◦C)

1 Introduction

The world is turning to renewable energy due to the
increasing importance for environmental protection and
rising energy costs. In particular, solar energy being inex-
haustible and available for free, has received a wide spread
of attention recently. But its intermittent feature induces
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serious limitations in any potential applications. This in-
volves the development of systems that ensure the storage
of excess heat collected during periods of bright sunshine,
to be later released for use during night or other, as well
as Thermal Energy Storage system (TES).

The main factors that hamper the development of
TES are their less efficiency and high cost [1]. The good
choice of the storage medium is a one of the efficient ways
that reduce significantly the cost of TES devices [2].

In general, there are three concepts of thermal storage
systems: sensible heat storage, latent heat storage, and
thermo- chemical energy storage [1].

In Figure 1 [3], we present an overview of the major
technique used in the storage of the thermal-based solar
energy. In sensible heat storage (SHS) systems, thermal
energy is stored by rising the temperature of the solid or
liquid, using the heat capacity and change in tempera-
ture of the material during the process of charging and
discharging. Latent heat storage (LHS) is the heat ab-
sorption or release when a storage material undergoes a
change of phase from solid to liquid or liquid to gas or
vice versa at more or less constant temperature. In the
case of the thermo-chemical systems (TCES), the heat is
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Concrete

Fig. 1. Overview of thermal energy storage technique in the solar systems.

when the molecular bonds are breaking and reforming in
a reversible chemical reaction.

As the most simple and cheap way to store energy,
sensible heat storage has been used for a long time in
worldwide. Considering the technological maturity and
economical aspect, SHS is superior compared with latent
and chemical heat storage.

A promising sensible heat storage medium must also
be inexpensive and have a good energy density, which
is the heat capacity per unit volume. Until now water,
molten salt, synthetic oil, cast steel, stone, rock, sand,
concrete and ceramic have been selected as sensible heat
storage medium depending on the temperature range and
application [4].

In the applications with low temperature such as space
heating, water heating, solar desalination etc. the solid
materials (rock, sand, gravel, concrete) are widely used
as medium for thermal storage [5]. Due to its good ther-
mal inertia [6], sand, is one of the materials that’s used
as a storage medium in low and high temperature appli-
cations [7–10].

The TES systems using solid materials as a sensible
heat storage medium, is usually implemented by embed-
ding heat exchanger tubes in the medium to transfer ther-
mal energy to/from heat transfer fluid [3]. In this work
sand has been used as a storage medium for a solar ap-
plication designed to acontinuous drying of agricultural
food products at steady state and moderate temperature
(40–75 ◦C). A thermal analysis is presented.

2 Basic consideration on the sensible
heat storage systems

Though the sensible thermal storage has the advan-
tages of high reliability, simpler structure and opera-
tion compared with the latent storage, the amount of
heat stored depends on the specific heat of the medium,
the temperature change and the amount of storage
material [11].

Thus it is desirable for the storage medium to have
high specific heat capacity, long term stability under ther-
mal cycling, compatibility with its containment and, most
important low cost [12].

Sensible heat storage may be classified as the basis of
heat storage medium as liquid and solid medium storage.

As a definition of the sensible heat storage materi-
als is a group of materials that undergo no phase change
within the temperature range required for the storage pro-
cess [13]. The number of available materials is more than
150000, with new ones appearing every year [14].

Heat storage liquids are plentiful and economically
competitive. At low temperature, the water is one of the
best storage medium. Because of its high capacity to store
heat (2.5×105 kJ.m−3 for 60 ◦C temperature range) [15],
water is the most widely used storage medium today for
solar based warm water and space heating application.

Petroleum based oils and molten salts are the most
commonly proposed substitutes for water. There heat ca-
pacities are 25–40% of that of water on weight basis. How-
ever, these substitutes have lower pressure vapor than wa-
ter and they are capable of operating at high temperature
exceeding 300 ◦C [16].

Storing thermal energy as sensible heat in solids can
remedy to the difficulties of the high pressure vapor of
water and the limitations of other liquids. However, for a
low as well as high temperature thermal energy storage,
solid materials such as rocks, metal, concrete, sand, brick
etc., can be used.

Solar energy can also be stored in rock or pebbles
(packed in insulated vessels), and it is convenient for use
in buildings. This kind of storage is operated very often
for temperature up to 100 ◦C in conjugate with solar air
heater [17]. For a temperature change of 50 ◦C, rocks and
concrete will store around 300 kJ.kg−1 [11].

Like fixed beds (rocks, pebbles, sand. . . ), fluidized
beds can be utilized for low, intermediumte and high tem-
perature solar applications. In addition, the rate of heat-
ing exchanges between the storage medium and the heat
carrying fluid is much faster in fluidized beds than in fixed
ones, which can be an advantage in several applications
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Fig. 2. Photographic view of grains size distribution in sand’s samples.

as drying foods or wood [18–20]. In fluidized beds ther-
mal storage can also be used for waste heat recovery pur-
poses [13].

Metal storage medium proposed for high temperature
(120–1400 ◦C) are either inorganic salts or metals.

Thus, the attractive characteristics of the sensible
storage material include, high thermal heat capacity, high
density, high thermal diffusivity, chemical and geometri-
cal stability, reversible heating and cooling, non corrosive
and no toxic, low vapor pressure and low cost of material
and storage fabrication [21].

In this paper, sand has been used as a storage medium,
which largely satisfies the above criteria.

3 An example of designing a storage facility

In the design of the solar thermal energy storage sys-
tems, there are three aspects that need to be considered:
technical properties, cost effectiveness and environmental
impact [16, 22].

From the technical point of view: a high thermal stor-
age capacity is essential to reduce the system volume and
increase the system efficiency. A good heat transfer rate
must be maintained between the heat storage material
and the heat carried fluid in order to ensure the required
speed such that thermal energy can be released/absorbed.

On the other hand, the cost of solar thermal storage
system mainly consists of three points: storage material,
heat exchanger and land cost.

To design a heat storage system, it is necessary to have
an optimum of all the above listed criteria.

In the case of liquid storage system, for example, wa-
ter tanks are made from a wide variety of materials, like
reinforced concrete, Aluminium, Steel, and fiber glass.
There insulation is assured by mineral wool, glass wool
or Polyurethan. The size of the tanks used varies from a
few of hundred litres to a few thousand cubic meters.

Peiwen Li et al. [23] have given the charts that will
serve as standard tool to design and calibrate the size
of the heat storage tanks and operational conditions for
thermal storage system.

To show the interest to develop the solar heat storage
system in the region where both sand and sun were plen-
tiful, a CFD simulation is carried out to understand the
thermal behavior and to underline the storage capability
of a sensible storage unit using sand for solar applica-
tions [24, 25]. As a result, the bed temperature leads to
higher energy efficiency and the thermal inertia of the
system remains important after various charge/discharge
cycles.

4 Experimentation

4.1 Sand characterization

In the present work, the storage medium used is dune
sand of south of Algeria (El-Oued region). For this rea-
son a characterization study has been indispensable to
determine the sand’s properties (grain size, density, heat
capacity).

Dune sand is mainly composed of quartz grain, Fe2O3,
CaCO3, Al2O3, some impurities and heavy materials [26].
One of the properties that characterize the dune sand is
its fine grain size [27].

To determine the sand grain size, an optic microscope
has been used to visualize the different grains size in the
sample of sand (Fig. 2).

The grain size analysis shows that the sand of El-Oued
region is composed of 22% of grain with particle diam-
eter of 292.96 μm, and 78% with particle diameter of
143.32 μm.

To find the density of the sand, a different mass was
taken; there volume was measured by using gradual tube.
As the result, the density of El-Oued sand is 2700 kg.m−3.

The thermal capacity of sand is obtained by, firstly
weighing measuring different masses of sand and mea-
suring their initial temperatures, then adding the hot
distilled water (heated until boiling temperature) to the
sand, and wetting equilibrium state. By using Equa-
tion (1), we found that the heat capacity of the sand is
920 J.kg−1.

Q = mcp(Tf − Ti) (1)
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Fig. 3. Materials used for heat capacity measurement.

The different devices used for this experiment are shown
in Figure 3.

In conclusion, such as, the sand of El-Oued re-
gion has a density of 2700 kg.m−3, a specific heat of
920 J.kg−1.K−1 and a grain diameter between 143.32 and
292.96 μm.

4.2 Thermal storage system

The storage system consists of an air plate collector,
thermal storage unit with heat exchange, thermocouples
and temperature indicator. The schematic overview of the
experimental device is shown in Figure 4.

The storage device has a cubic shape with 60 cm of
dimension where the cooper tubes with 2.2 cm of diam-
eter and 40 cm of length are embedded. The unit is well
insulated. The storage unit filled with 120 kg of sand is
connected to the solar collector. The solar thermal sys-
tem was experimented with three different configurations
of the heat exchanger (4, 9, 12 tubes) and the temperature
variations are taken during charging time.

To determine the performance of the storage system,
it is necessary to calculate the charging energy efficiency.
It is based on the first law of thermodynamics which ac-
counts for the storage material’s capability to gain the
thermal energy from HTF (Heat Transfer Fluid). The
charging energy efficiency is the ratio of the actual en-
ergy stored by the storage material to the maximum en-
ergy available as input to storage material (Eq. (2)) [28].

η =
T (t) − Tini

Tinlet − Tini
(2)

where T (t) is the volume average temperature of storage
bed and is a function of time, Tini and Tinlet are the initial
temperature of the bed and the HTF inlet temperature,
respectively.

5 Results and discussions

The experimental results are enumerated in the form
of various graphs of temperature variations where the ef-
fect of the number of charging tubes is studied.

Figure 5 presents the sand temperature measured dur-
ing the charging process for HTF inlet temperature of
70 ◦C, and four charging tubes. The sand temperature
has been noted for every hour. The storage bed is said to
be charged when its temperature became constant. It is
seen from the figure that the sand temperature increases
gradually to reach the maximum value where it stabi-
lizes (up to 36 ◦C). The sand bed takes about 5 h s for
a complete charging in these operating conditions. It is
observed that rise of the sand temperature is slow in the
time interval from 9 h to 10 h and from 13 h to 14 h; on
the other hand, it is rapid from 10 h to 13 h. The slow
behavior of the temperature variation is due to a slow
variation in solar intensity during these time intervals, in
contrast, the rapid one is due to the rapid variation in the
solar intensity in the last interval. From 14 h to 17 h the
sand bed has an isothermal behavior because it is fully
charged.

The bed temperature variation during two consecutive
days is presented in Figure 6. It is noticed that the sand
temperature decreases slowly during no charging period
(no sun period) to reach ∼34 ◦C. It is also noticed that
the sand temperature decreases 2 ◦C during interval time
of 17 h.

Since the CEE is in function of the temperature stor-
age bed, it varies in the same fashion as the rate of charg-
ing the storage bed.

In order to study the effect of the number of charg-
ing tubes, the bed temperature for three configurations
of charging tubes is presented in Figure 7. It is seen from
Figure 7 that increasing the number of charging tubes ac-
celerates the heat transfer rate into storage bed resulting
into faster temperature rise of storage bed. Between both
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Fig. 4. Schematic diagram of the experimental device.

Fig. 5. Experimental sand temperature during charging.

Fig. 6. Variation of the bed temperature during two consecutive days.
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Fig. 7. Effect of number of charging tubes on bed temperature.

Fig. 8. Charging energy efficiency of sand bed depending on number of charging tubes.

configurations, 9 and 16 tubes, bed temperature does not
vary significantly.

Figure 8 illustrates the variation of the bed efficiency
as function of the number of charging tubes. In the case
with four charging tubes, sand bed is able to store 20% of
the heat carried by the HTF. In contrast, CEE increases
up to ∼40% with 16 charging tubes.

6 Conclusion

In this paper, a design and a characterization of sen-
sible portable heat storage unit of cubical configuration
employing sand as storage medium have been presented.
First experiments are conducted on the TES unit to
study its performance by integrating with the solar flat
plate collector. Before that the material used as a storage
medium (sand of El-Oued region, south of Algeria) has
been characterized. A large thermal inertia of the system
corresponding to the duration of its discharging is shown.
The energy stored and the charging efficiency can be in-
creased by rising the number of charging tubes. The con-
figuration with 9 tubes can be a good choice to optimize

cost of heat exchanger. It is concluded that is appreciable
to use sand as a storage medium for application where the
requirement is intermittent. However a numerical model-
ing will allow to optimize the system and to determine
the operating conditions for optimal performances.
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