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Abstract: The storing of energy is the imprisonment of energy at one time to use
the similar for another time. This review paper treats with the approaches of
thermal energy storage and its implementations in the neighborhood of solar water
heating schemes in addition to scheme of solar air heating and the materials
utilized to preserve that thermal energy efficiently. This paper delivers the
theoretical information of appropriate and unwanted features of various phase
change materials PCMs. The paper includes several approaches of thermal energy
storage as, latent heat storage, sensible heat storage and thermo-chemical energy
storage, concentrating mostly on (PCMs) as an arrangement of appropriate solution
for usage of energy to fill the hole amid deliver and request to develop the
effectiveness of energy of a scheme. Theoretical details have been shown in the
paper. The numerical results show the temperature contour increases when the time
of charging process increases, and the temperature contour decreases when the
time of discharging process increases.

Keywords: PCMs; latent heat storage; thermal energy storage; thermochemical
energy storage; organization of phase change materials; implementations of phase
change material.
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Introduction

The chief task of the evolution of using the sources of renewable energy is the lag
of time between the request and supply of energy. The energy storage denotes a
faultless solution for reducing the influence of such lag of time. In general, the
thermal energy can be stowed reasonably as well as latently. The density of the
extraordinary-energy storage and almost the isothermal conduct of PCM through
the procedures of charging and discharging make it a vigorous element of each
system of the active storage of thermal energy [1]. (TES) being a broad field of
technology which has been lengthy investigated in various industries as well as
procedures. The new increase of the Solar Thermal Power in the previous ten years
has made the academics and industrial verify its technical feasibility. Though such
industrial services being too highly set up with a robust and dependable
mechanisms for storing the thermal energy, they yet can be enhanced for gaining
the effectiveness and reducing the costs [2]. Today, the phase change materials s
can be utilized in the TES uses for taking the solar thermal energy benefit within a
passive manner. Because such reaction is Endothermic, PCMs absorb the heat. If
the temperature reduces and attains the temperature of solidification, phase change
materials vary the phase from the liquid to the solid. At such period, they relief the
stowed heat because of the reaction being Exothermic [3].

Phase change materials can preserve and discharge a significant quantity of heat as
a latent heat for the duration of conversion of phase via about 5-14 times upper
than the sensible heat storage materials per unit volume. The researchers have been
presented as progressive thermal storage materials in several building
implementations to enhance the thermal load on a yearly basis [4]. One of the most
considerable and important storage systems, are the Thermal Energy Storage (TES)
systems. These systems come with two kinds, latent heat thermal energy storage,
and sensible heat thermal energy storage and. A modern method has been proposed
to use (PCM) in these schemes. Phase change materials have been commonly
utilized in the latent heat storage systems LHSSs for applications of heat pumps,
solar engineering, and spacecraft thermal control [5]. The systems of the parabolic
trough collector utilize trough-shaped mirror reflectors for concentrating the
sunlight onto the receiver tubes during which a thermal transfer fluid being heated
to approximately (400°C) and after that employed for producing the super-heated
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steam. Then, the heat is utilized for operating a traditional power cycle, for instant,
throughout a Stirling engine or a steam turbine, see figure (1).
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Figure (1): Schematic Diagram of a Parabolic Trough Collector [6]

Thermal Energy Storage (TES)

It can be described as impermanent TES at the low or elevated high
temperatures. Such idea isn't fresh; it has been utilized and evolved for periods
since it plays a significant part in the conservation of energy. The storage systems
of thermal energy possess the prospective of creating the usage of thermal
apparatus highly active, as well being a significant means to offset the mismatch
between the accessibility and the need of the thermal energy. The elegant regimes
are able to decrease the costs of the preliminary and upkeep as well as enhance the
energy efficacy [7].

Depending on the manner that the heat being stowed, the storage of thermal
energy can be categorized into [8]:

% Sensible heat: In the hot solids and liquids,
% Latent heat: In the vapor and melts, and
%+ Chemical heat: In the chemical pounds.

The classification of thermal energy storage technology depending upon the
state criterion of the material of energy storage is evinced in figure (2).
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Figure (2): The classification of the thermal energy storage technology [9]
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A. Latent Heat Storage (LHS)

system of LHS is founded on the heat of releasing or absorption once a storage
material suffers a variation of phase from liquid to gas or solid to liquid or vice—
versa. It is an utmost attractive because of great storage energy density per unit
mass in quasi-static procedure [10].

B. Sensible Heat Storage (SHS)

The systems of the (SHS) utilize the stored energy or the extracted energy via
cooling or heating a solid or liquid, which doesn't vary its phase through such
procedure, like the water, certain inorganic molten salts and the heat transfer oils,
and the solid as rocks, refractory, and pebbles. The materials of energy storage for
the (SHS) will not undergo the procedure of phase change if they stow the thermal
energy. The merely procedure that such substances will undergo is the
temperatures variation in a single phase. The systems of (SHS) being easier in the
design than the latent heat or the systems of the thermo-chemical storage.
Nevertheless, they experience the drawbacks of being larger in the size and are not
able to stow or provide the energy at a fixed temperature [10, 11].
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C. Thermo-chemical heat storage

Thermochemical Heat Storage (THS), or Thermo-chemical storage (TCS) needs a
reversible chemical reaction. Thermochemical Heat Storage is classified into three
procedures: charging, storing and discharging. In the charging procedure, the heat
absorbed from an energy source (e.g., usual energy sources), separates the
thermochemical material A into the reactants B and C in an endothermic reaction
[12].

Grouping of phase change materials

PCM that have their discharging/charging procedure within solid-liquid
conversion class are categorized into three main groups: inorganic, organic, and
eutectic phase change material. These groups are divided more into sub-groups.
Organic phase change materials cover non-paraffin and paraffin materials via
which the latter includes sugar alcohols, fatty acids, and glycols as sections.
Inorganic phase change materials are categorized as molten salts, salt-hydrates, or
metals. Furthermore, eutectic phase change materials are attained via mixing two
or more inorganics, organics, or organic with inorganic PCMs. Phase change
materials with their several groups have an extensive range of melting
temperatures whereby each has an identified latent heat capacity of melting. This is
the major variable to be taken into consideration whereas selecting an appropriate
phase change material for an identified implementation. Actually, some features
are essential to certify extreme thermal presentation. These features are kinetic,
thermos-physical, chemical, environmental, and economical, and the list of these
properties is offered in Figure 3.
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Suitable PCM properties
1
Suitable melting temperature T High nucleation rate Chemical stability Effective cost Low environmental impact
High heat of fusion L, High crystal growth rate No corrosiveness Commercially available Non-polluting
High Specific heat C, Complete reversible cycle Recyclable
High Thermal conductivity K Anti-flammable
Small transition volume change Non toxic
High density Non explosive

Cycling stability
Low vapor pressure at T,

Congruent meiting

Figure (3): Suitable PCM required properties [13]

+ Organic
Three sub-kinds can be specified within the organic PCMs: fatty acids, paraffins,
and polyethylene glycol. Generally, these compounds have good thermal features
and suitable chemical steadiness. Consequently, it is seen how much of the
research is presently associated to various types of usages of paraffin in structure
components for buildings since their chemical stability eases the synthesis of
materials and products’ making [14].

% Inorganic

Inorganic solids phase change materials are capable to preserve/discharge heat
energy in the solid phase by one or a grouping of energy storage methods for
example conversions of crystallographic structure, order-disorder, conversions
amid crystal and amorphous structure, especially, the first two approaches utilize
big quantities of latent heat. One of the types of inorganic materials are metallic
foams. They are described by low density, good stability, and great ratio
coefficient, which rise their thermal conductivity in relation to nanoparticles.
Nevertheless, the pores size has very little effect on the thermal conductivity [15].
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% The eutectic
The eutectic is the least composition of the melting of (2) or higher constituents
that melt and freeze correspondingly creating a combination of constituent crystals
through the crystallization. It continuously melts and freezes with no separation
because they freeze to a close crystals combination, leaving a slight chance for the
constituents to disperse. Upon melting the two constituents that dissolve
concurrently, once more with the improbable parting [16].

Heat Transfer Coefficient
% For HTF and cold water:
Nu for fully developed turbulent flow can be expressed by means of [17]:

Nu = 0.023 Re%® prn n (1)

{0.3 for cold water during the cooling process
4 for hot water during the heating process

The Reynold and Prandtl numbers can be calculated by the following formulas [2].

Re = &Dh
1]
(2)
pr =RX
k
3)

Where, (Dh) is the hydraulic diameter for the rectangular tubes, and it can be
calculated by the perimeter and the cross-sectional area.
p, =34

ho=p
(4)
The heat transfer coefficient for the hot and cold water [2] is:
poooo=kNu

w T Dy,
()

The thermal properties of water can be found based on the bulk temperature, that
Is the arithmetic mean of temperatures at inlet and exit.

Th = W (6)
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s For PCM

From the investigational data, experimental correlations were estimated for every
particular geometry. These equations delivered the heat transfer coefficient for the
natural convection in terms of the variance of the temperature of scheme. In
vertical enclosure, the fluid near the hottest surface increases, and the fluid near the
coolest surface drops. This initiates a rotational movement inside the case
promoting the transfer of heat throughout the case. When the PCM melts, the
buoyant force overwhelms the resistance of fluid and starts the usual convection
currents. For a vertical rectangular enclosure, Berkovsky and Polevikov (1977)
[17] proposed the following:

For 2 < (L/ W) < 10, Pr < 10° and Ra, < 10",

Nu= 22(E) () Y

Where, the Rayleigh number is definite as:

Ra = Gr* pr= BETWWE HpemCPpem

(8)

B is the Coefficient of volume expansion is the density variation of that material
having a temperature and defined as:

f

Tris the film temperature in Kelvin and can be calculated by the average between the hot

2
Vpem kpem

(T},) and the cold (T.) sides of the enclosure.

Tf - TC-;Th

(10)

wc is the characteristic length of the geometry taken as the width of the enclosure
(m).

The heat transfer coefficient of the liquid PCM is evaluated by the effective
thermal conductivity as it is the result of the product of the liquid thermal
conductivity and Nusselt number [17].
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h _ Kefr _ Kiigpem Nu
ligpcm — -

Wc Wc

(11)

For solid phase of PCM, it can be calculated based on the equality of the
conduction and convection heat transfer rates, which will produce the following
equation.

h _ Ksoild,pcm
solid,pcm —

(12)

Wce

All the properties of PCMs in the liquidous and solidus states are evaluated at the
film temperature, and the properties of the heat transfer fluids are also evaluated at
the film temperature.

Thermal Properties of Selected Materials
¢ Heat Transfer Fluid (water)

The density, viscosity, specific heat and the thermal conductivity of the heat
transfer fluid (water) can be estimated by the subsequent equations [18].

pw = 754.3079871 + 1.88132843 T) — 0.0035831 T}’ (13)
pw = 146039867076.91 T ;,>7* (14)
Cpw = 5.476 — 0.008178 T}, + 0.000013 T} (15)
k = 0.0223 T8 (16)

+ Sodium acetate trihydrate (SAT)

Thermal properties of the Sodium Acetate Trihydrate (SAT) can be calculated by
the following equations [19]:

] _
C, (g—K) = 1.43 + 2.03 x 107%T; (255 K — 325 K)
(17)

] _
Cyy (g—K) = 2.96 + 1.51 x 1073T; (265 K — 365 K)
(18)
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ks (-=) = 279 — 1.31 X 1072T; + 1.88 x 1075T? (240K — 325K)

mk
(19)
ki (2) = 925 —3.64 x 1073T; + 6.62 x 10~°T} (270 K — 356 K)
(20)
ps (22) = 807 + 4.77T; — 8.84 x 1073T (260 K — 329 K)
(21)

Py (%) = —19900 + 1707 — 0.354T7 + 1.76 X 107°T¢ —

(280 K - 360 K)
1.8 X 1077T7 + 1.35 X 107°T¢
(22)
% The Paraffin Wax
Thermal properties of the Sodium Acetate Trihydrate (SAT) can be calculated by

the following equations [23] and [28]:

o, (%) = 833.6 — .6398T; (333 K — 382 K) (23)
D, (%) = 941.72 — 11551 T, (283 K — 331 K) (24)
Cyy (QLK) =2.0179+ .0016T; (333 K — 363 K) (25)
Cps (g’—K) = 1.7169 + .0097 T, (263K - 283K) (26)
ko (o=) =3x 107°T2 — .0018T; + 02491 (273K - 233K) (27)
k(=)= 191+ .0011T,—6x107°T? (243K -373K) (28)

¢ Stearic acid (SA) Fatty Acids
Specific heat of stearic acid in the two states, solid and liquid was estimated in
term of temperature (degrees C) as follow [22]:

Solid state  Cp = 0.4272 g- 0.0018 T (-120° to 65°C) (29)
Liquid state  Cp = 0.4266-}- 0.0018 T; (70° to 78°C) (30)
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Thermal conductivities of stearic acid in the two states, solid and liquid were
calculated as follow:

Solid state  k=0.42[1 — .00295(T; —290)] (290K to 340K) [23]  (31)
Liquid state  k = 0.2185- 0.0008 T; (70°to 148°C) [24]  (32)

Density of stearic acid was calculated by the following equation concluding that
both the solid and liquid states with temperature varied from 20 to 110°C [25]:

k _
p(<2) = 10417, 70 (33)
5.1. NUMERICAL RESULTS:

In present study, three types of PCMs are used; Sodium Acetate Trihydrate (SAT),
Fatty acids (stearic acids) and paraffin wax, which being the materials that can
encounter such needed characteristics. Despite the fact that the fatty acids have a
varying level of toxicity, the salt hydrates cause a corrosion in the metal containers,
while the Paraffin waxes are safe and non-corrosive. Their points of melting points
being between (58°C) and (70°C), which are in the range of temperature of the
solar energy regimes.

5.1.1 Tests:

The first numerical test was conducted based on the 0.5 L/min water flow rate. The
charging process lasts for 7 hours. The capsules’ temperature during the charging
process are shown in figures below. We noticed that in 1/11/2020 the temperature
contour increases when the time of charging process increases, whereas the
temperature contour is at a range from 306.3 to 298.8 K at the first interval from 9
to 11 AM, from 343.9 to 301.1 K at the second interval from 11:30 AM to 1:30
PM, and from 346 to 303.7 K at the third interval from 2 to 4 PM. See figures (4),
(5), and (6).
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Figure (4): The temperature contour is at a range from 306.3 to 298.8 K at the first interval from
9to 11 AM

Figure (5): The temperature contour is at a range from 343.9 to 301.1 K at the second interval
from 11:30 AM to 1:30 PM

i
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Figure (6): The temperature contour is at a range from 346 to 303.7 K at the third interval from 2
to 4 PM
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On 2/11/2020 a test was performed with a 1.5 L/min water flow rate for both hot
and cold sides. The charging process lasts for 6:30 hours with an average hot-water
temperature difference of 2.16 °C. We noticed that in 2/11/2020, the temperature
contour is at a range from 307.6 to 298.6 K at the first interval from 9 to 11 AM,
from 342 to 298.8 K at the second interval from 11:30 AM to 1:30 PM, and from
346.1 to 302 K at the third interval from 2 to 3:30 PM. See figures (7), (8), and (9).

=

Figure (7): the temperature contour is at a range from 307.6 to 298.6 K at the first interval from 9
to 11 AM

s

Figure (8): the temperature contour is at a range from 342 to 298.8 K at the second interval from
11:30 AM to 1:30 PM
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Figure (9): the temperature contour is at a range from 346.1 to 302 K at the third interval from 2
to 3:30 PM.

Conclusions

Thermal energy storage (TES), generally named heat and cold storage, permits
heat or cold to be utilized later. Energy storing can be classified into several
groups, nevertheless this article concentrates on thermal energy storing since this is
a main technology in energy schemes for preserving and rising energy efficiency.
By the way, the significance of energy storing was examined, and it was described
how though using several technologies, thermal energy can be absorbed and
preserved for a later utilize. In specific, thermal energy containing latent heat
storage, sensible heat storage, and thermochemical energy storage schemes were
methodically investigated. It was clarified that how via using certain physical and
chemical methods, thermal energy in term of latent and sensible heat can be deal
with and preserved. Additionally, the basic factors defining the dynamics of
conversion in the thermal storage schemes were clarified and various necessities
for collection of various storage materials were termed. Incidentally, the utilizing
of phase change materials was exposed to be a feasible solution for effective
storage of thermal energy.
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