<@ sustainability

Article

Performance Assessment of Three Latent Heat Storage Designs
for a Solar Hot Water Tank

Waleed Zakri

check for
updates

Citation: Zakri, W.; Mellouli, S.;
Fageehi, Y. Performance Assessment
of Three Latent Heat Storage Designs
for a Solar Hot Water Tank.
Sustainability 2023, 15, 640.

https:/ /doi.org/10.3390/s5u15010640

Academic Editor: Sergio Nardini

Received: 16 November 2022
Revised: 7 December 2022

Accepted: 21 December 2022
Published: 30 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Sofiene Mellouli * and Yahya Fageehi

Mechanical Engineering Department, College of Engineering, Jazan University, Jazan 45142, Saudi Arabia
* Correspondence: sofiene.mellouli81@gmail.com

Abstract: Solar hot water tanks (SHWT) based on a latent heat storage system are gaining momentum
for their integration into solar heater water collectors. They can efficiently store daytime solar thermal
energy and shift on-peak period loads to off-peak periods. However, their performance is generally
limited by the tank configuration, the design of the thermal storage system, and the selection of the
appropriate phase change material (PCM). This work presents a numerical investigation of three
SHWT-PCM storage designs. A mathematical model was developed to predict the effectiveness of
the geometric design and operating conditions in the SHWT-PCM system. Moreover, a sensitivity
analysis was performed on the PCM type and PCM thermo-physical properties. The obtained
numerical results demonstrated that the energy efficiency of the SHWT-PCM system was significantly
impacted by the PCM thermo-physical properties (melting temperature, thermal conductivity, and
enthalpy). In addition, it was found that using encapsulated PCM tubes with an external PCM jacket
in the SHWT can result in a thermal efficiency of 70%.

Keywords: solar hot water tank; thermal energy storage; PCM; water tank configuration

1. Introduction

The present energy scenario is easily analyzed by the rapid depletion of fissile fuels
as well as greenhouse gas emissions, which is alarming for alternative energy solutions.
One of the solutions considered is the proper use of renewable energy sources. Electrical
energy consumption in buildings, especially for air conditioning and water heating loads,
uses about two-thirds of the total energy demands [1]. Therefore, it is essential to limit
energy consumption in buildings. Shifting a portion of the electricity consumption from
the on-peak period’s electricity demand to the off-peak period could have significant
economic, environmental, and social impacts. Among renewable energies, solar energy has
the highest potential [2]. This energy source presents storage challenges, as thermal storage
can take the form of sensible or latent heat. Storing solar thermal energy during surplus
periods and reusing this heat over other nightly periods of the shortfall would improve
the performance of this system as well as enhance the operation of the solar water heaters.
Integrating thermal energy storage via latent heat thermal energy is a promising technology
to transfer on-peak load periods to off-peak load periods. Thermal energy storage systems
can be easily integrated with building a wall, solar water collectors, and domestic hot water
tanks. The production of domestic hot water is a major concern, particularly the impact of
the energy efficiency, size, and volume of the storage tanks [3]. The integration of phase
change materials (PCMs) makes it possible to provide solutions using latent heat instead
of sensible heat to store thermal energy. Thus, this work mainly concerns the detailed
study of heat transfer within water heaters with various designs, with a numerical [4] and
experimental [5] approach. By integrating a solar water heater into a latent heat storage
system, the most important and common designs are (i) employing PCM capsules in the
water tank that conventional solar collectors power, (ii) employing the use of a conventional
solar collector with the addition of a separate PCM unit, and (iii) adopting integrated solar
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collectors and PCMs [2]. Combining solar thermal energy with latent heat storage systems
gives an intriguing solution in a more efficient manner.

The analysis and modeling of solar collectors have been of greatest interest in earlier
studies. In their detailed studies, Sharma et al. [3] summarized the importance of storage
systems with PCMs and their advantages in solar building insulation and aerospace.
They also presented new approaches for the measurement of latent heat and melting
temperatures. A comparison of different types of storage systems with PCMs was also
presented. Kurklu et al. [4] produced a new type of solar collector with 2 parts: 1 with
water and 1 with a PCM melting point between 45 and 50 °C. Their experimental results
showed that the reservoir temperature was able to maintain 30 °C during the nighttime
and daytime with sunshine. Additionally, the instantaneous thermal efficiency values
ranged between 22% and 80%. Zalba [5] studied the various types of PCMs and reported a
wide choice of MCP. It was noted that the materials were available since they listed more
than 150 used and 45 marketed materials. The advantages of systems with PCMs were
listed, such as the high equivalent specific heat due to the phase change or the possibility
of maintaining the temperature of the water. They identified various problems such as
the stability, the lifespan, a reduction in the storage capacity depending on the operating
cycle, and toxic risks during fire incidents. Eames and Griffiths [6] developed a model
in finite volumes and the collector’s transient regime and heat storage in a self-storing
collector using water for different proportions by PCMs. The melting temperature was
between 58 and 60 °C. Eames and Griffiths [6] noticed that when the tank temperature was
lower than the melting temperature, the solar system’s efficiency with a PCM was lower
compared to a system filled with water only. Plantier [7] studied a water tank with PCM
spheres. The author showed that using a PCM increases the storage density and makes it
possible to limit the temperatures within the tank, improving the design of the system. One
of the problems pointed out by Plantier is the poor thermal conductivity produced by the
PCM. In his case study, the size of the spheres was too large to provide efficient extraction.
This problem was undertaken by Haillot et al. [8]. It was explained experimentally and
numerically by integrating a PCM/ graphite mixture as a storage medium. In view of the
higher thermal conductivity and higher storage capacity of graphite, it extracts more solar
energy. It was also reported that the efficiency is reduced by around 98% at the time of
withdrawal, showing the higher discharge capacity of the system. Other benefits include
reducing the stagnation temperatures and storage space. Mettaweea et al. [9] investigated
the performance of a compact solar-PCM collector system. From their work, it is observed
that the average heat transfer coefficient increases with an increase in the molten paraffin
layer thickness due to natural convection. Many industries are focusing on the solid-liquid
phase change problem and the use of numerical solution methods. Lacroix et al. [10]
overcame this problem in their investigation. They studied the thermal energy storage
system experimentally and analytically using cylindrical tubes as storage materials. In
addition to that, Laouadi et al. [11] conducted a numerical study based on the melting and
solidification cycle of the PCM n-eicosane created by Bayomy et al. [12] for household hot
water. According to the findings, the system is capable of 39% efficiency. Klckap S. et al. [13]
investigated a thermal energy storage (TES) tank used in an S.W.H. tank. According to their
investigation, the S.W.H.-PCM tank showed an efficiency of 58%. A redesign process was
used by Harris B. et al. [14] to improve an existing TES with a PCM system for an S.W.H.
tank. According to their findings, the revised TES achieved a minimum water temperature
of 45.3 °C with a thermal efficiency of 76.08%. Numerous researchers have studied and
reported the results of various designs of storage units for different locations of the PCM,
materials used, and system configurations [15]. At present, for integrating a separate latent
heat storage system, the solutions available are either traditional solar water heaters or
integration in the auto-storage collectors [16,17]. However, in view of high heat losses,
these solutions are unsatisfactory from a thermal point of view as well as aesthetic point of
view. This is why, within this study, an innovative solution aimed at integrating a latent
heat storage system into the water storage tank allows for complete system integration and
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reduces heat losses [18,19]. Using PCMs rather than traditional water storage might make
sense in order to increase the solar system’s autonomy [20]. However, care should be used
when selecting PCMs [21]. The melting range of the fitted PCM should be comparable to
the temperatures attained in the storage tank [22]. Two critical points should be considered
in designing an SHWT: the stable requirement temperature of the domestic SHWT during
daytime [23] and the assurance of a complete melting/solidification process to reach the
maximum energy storage and release [24,25]. The objectives of the present work are to
(i) study three designs of solar hot water tank with the integration of a latent heat storage
unit to match solar energy availability to heat requirements, (ii) develop a mathematical
model to assess the suitability of the PCM storage unit designs with the solar hot water
tank, and (iii) perform a parametric analysis of the SHWT based on the PCM’s thermo-
physical properties.

2. Description of the Three SHWT Designs

As shown in Figure 1, the solar water heater collector includes a thermal solar absorber
which absorbs solar radiation and transforms it into thermal energy. A heat transfer fluid
(HTF) heats up while passing through the solar collector tubes and goes to a water storage
tank. The spiral heat exchanger transfers its solar calories to the domestic water. The
primary circuit transports the heat, and it is sealed, insulated, and contains water with
added antifreeze. The cooled fluid is finally returned to the solar collector, where it is
heated again as long as the sunshine remains effective.

/

Solar collector

Main cold water feed
p—

Heat Transfer Fluid (HTF)
Solar Hot Water Tank (SHWT)

integrated with PCM

Figure 1. Schematic illustration of the solar water heater collector.

The solar hot water tank (SHWT) is a tank that constitutes the domestic water reserve.
The cold water from the secondary circuit replaces the hot water withdrawn, which will
again be heated by the HTF from the primary circuit.

Figure 2 shows the three designs of the SHWT-PCM system:

(i) Design 1: consists of a cylindrical tank which is integrated to a central spiral heat
exchanger tube. The spiral tube is further connected to a solar thermal collector which
converts the solar radiation into thermal energy. This thermal energy is then used
to heat an HTF that passes through the spiral tube inside the water tank. The heat
collected by the solar collector passes through a tube via an HTF to a spiral-type heat
exchanger located in the SHWT. The HTF then gives up its calories to the domestic
water before returning, once cooled, to the collector to be heated as long as the
sunshine allows it. During bad weather, extra energy takes over. A heat accumulator,
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(ii)

(iii)

which is connected to the SHWT and PCM, is contained in an external jacket that
stores the thermal energy while passing from a solid state to a liquid state. The PCM
jacket changes phase when the solar collector begins to be overproduced. The energy
is then restored when the need arises. This system thus makes it possible to increase
the storage capacity without increasing the volume of the water tank. Its application
is, therefore, effective in overcoming the intermittent solar energy utilization problem.
Design 2: consists of a cylindrical tank integrated with a central spiral heat exchanger
tube. The spiral tube is connected to a solar thermal collector. The SHWT is integrated
with twelve encapsulated PCM tubes.

Design 3: similar to design one and design two, the SHWT is equipped with an
external PCM jacket and integrated with twelve encapsulated PCM tubes.

(a) Case 1: SHWT with PCM jacket (b) Case 2: SHWT with PCM tubes (c) Case 3: SHWT with PCM tubes and jacket

Water
Tank

Spiral heat
exchanger (HTF) PCM jacket Water PCM jacket

Fe ey
T T T T T

PCM tubes

Figure 2. The three designs of the SHWT-PCM system.

3. Mathematical Model

A mathematical model was developed using energy conservation and momentum

equations, to analyze the performance of the SHWT-PCM systems. The three SHWT-
PCM systems consist of different domains, namely water, HTF, and PCM. The following
assumptions are made for the development of the model:

@)
(i)
(i)

constant thermo-physical properties
the wall’s thermal resistance is negligible.
the fluid is incompressible fluid

The governing equations are expressed based on the prior assumptions.

3.1. Continuity Equation

The continuity equation is expressed as follows:

g—f + div (ﬁ/) —0 (1)

o
where p and V denote the liquid’s density and velocity, respectively.

3.2. Momentum Equation

The momentum equation is expressed as follows:

—

%
oV =\ — —
oy + p(V.V) V= —Vp+uV2V+ g [1 . (T — Tref)] +s 2)
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where p denotes pressure, p is the liquid’s dynamic viscosity, py.y is the liquid’s density,

§ is the gravity vector, « is the thermal expansion coefficient, T, denotes the reference
temperature (the initial water tank temperature), and S is the source term.

3.3. Energy Equations

For water

DT . _,

where Cp denotes specific heat, k denotes thermal conductivity, and T denotes temperature.
For PCM
From the energy equation, the enthalpy was calculated, which is the sum of its sensible
enthalpy (k) and latent heat (Ah). The corresponding energy equations are given below:

%(ph) 4V <ﬁh> — V.(kVT) @

Where h and k represent the total enthalpy and the thermal conductivity, respectively.
The total enthalpy can be expressed using the following equation, h:

T
h=hyop + / CpdT + fL (5)
Trff

where h,,s denotes the enthalpy of phase change at the reference temperature (T,) and L
refers to the latent heat of phase change.
The liquid fraction (f) of the PCM is defined below.

0 si T<Tsolidus
T-T ;
f = TS*%I i Tsolidus <T<Tliquidus (6)

1 si Tliquidus <T

The temperature solution is obtained by iterating the energy Equation (4) and liquid
fraction (f) Equation (6)
3.4. The HTF Temperature

The HTF temperature is to be considered as variable throughout the day and is
presented by Salman H. et al. [13]. This plot can be used to determine the HTF temperature
equation as a function of time. This is the polynomial equation of order nine and the
coefficients are given in Table 1:

Ture(t) = ag +art+apt®> +......... + aot’ 7)

Table 1. The polynomial coefficients of the HTF temperature equation.

0 ai

az ay as ag ay ag a9

281.316 0.0025 —3.881 x 1077

460162 x 10711 —1.907 x 10~  3.050 x 10~ —3.307 x 1072 —4.699 x 107 527 x 10~% —1.814 x 10740

3.5. The Storage Efficiency of the SHWT-PCM System

To analyze the heat storage efficiency of the SHWT-PCM system, the heat storage
efficiency was calculated by the following equation.

NSHWT = %’i (8)

where Qgt and Qe are the stored thermal and total released energy, respectively.
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The stored thermal energy of the SHWT-PCM system is expressed by:
T T,
Q= m / CpedT + mfAH + m / C,dT ©)
Ty T
The released thermal energy of the SHWT-PCM system is expressed by
T T,
Q. = m / CpigdT + mfAH + m / CproliadT (10)
Ty Tin

where m is the mass of the PCM, T}, is the melting temperature, T is the initial temperature
of the PCM, and T, is the average temperature of the PCM at the end of the melting process.

3.6. Initial and Boundary Conditions
The following initial and boundary conditions are applied to the present work:

(i) The temperatures of the PCM, HTFE, and water are uniform

(ii) The external wall thickness of the SHWT-PCM system is thermally insulated,
(iii) The HTF temperature is variable with time, as expected in Equation (7),

(iv) The domain interface is thermally insulated.

4. Simulation Method and Model Validation

The general form of the computational domain of the three SHWT-PCM designs is
illustrated in Figure 3. For simplification, only 1/8 of the domain was simulated.

SHWT with PCM tubes and PCM jacket

L)

\-4\\-<

O

O

@
f&\'

Water

The simulation domain PCM jacket

Figure 3. The computational domain of the SHWT with PCM tubes and PCM jacket.

The finite volume method was used to simulate the physical model with the Fluent
6.3 software. The meshing of the SHWT-PCM system configuration was performed using
Gambit software.
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Under similar operating conditions, the numerical values of the physical mode were
compared with results of open literature [16]. Figure 4 shows the comparison between the
simulation data with literature results and good agreement is achieved with comparative
results. Hence, the developed model in the present study is considered as a reliable and
acceptable one.

355
350

345 \

340 \

335 \\
330

325 I | ey 1

——model =~ S.Kiligckap (2018)

PCM Temperature (K)

320

0 0.05  0.10 0.15 0.20 0.25 0.30 0.35
PCM Thickness (m)

Figure 4. Validation of the mathematical model: comparison between the present study results and
the results obtained from [13].

5. Results and Discussion

The numerical study was made for the three SHWT-PCM tank designs. Each water
tank is integrated with a spiral heat exchanger, which circulates HTF previously heated by
a solar collector and allows it to be at a variable inlet temperature (Equation (7)).

5.1. Performance of the Three SHWT-PCM Tank Designs

The comparison of the three SHWT-PCM storage designs is shown in Figure 5. The
water temperature evolutions in the three SHWT-PCM storage designs during a stor-
age/release cycle are depicted in Figure 5. The water temperature of the three cases are
compared to the case without a PCM as a reference. Initially, we can note from Figure 5a
that four identical curve shapes are exhibited. Additionally, we can observe a phase shift
between the 3 profiles, and that corresponds to the temperature without a PCM, which
reaches a maximum value (351 K) approximately at 14 h:30. In contrast, the second corre-
sponds to the temperature in case 3, which reaches a maximum value (350 K) at about 15 h.
The difference in temperature particularly in three cases are proportional to the amount
of heat stored. A phase shift is seen on rising temperature curves due to the PCM energy
storage. For the discharge process, Figure 5a indicates that the water temperature decreases
gradually and slightly in comparison to the case without a PCM. This effect is due to the
phase change (solidification) process, which releases stored heat during the day, resulting
in a delay in the temperature decrease.

Design 3 is better because as the hotter HTF is introduced into the spiral heat exchanger,
more heat is stored in the PCM-encapsulated tubes and the PCM jacket, increasing the heat
transfer between the HTF and the water.

Figure 5b shows the result of the PCM melted fraction of the three SHWT-PCM designs
during a storage/release cycle. The evolution of the PCM liquid fraction for each case
can be divided into three parts, where the first part shows the storage of energy by PCM
through sensible heat. In the second, the temperature is fixed during phase change and the
PCM stores a large quantity of heat and the third one is similar to first part but the PCM
is in liquid. It is also noticed that when the solar radiation is present between 6 a.m. and
11.30 a.m., the liquid fraction is constant, indicating that it is a sensible storage, since the
PCM'’s temperature is lower than the melting point. It is also observed that during the
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Water Temperature (K)

Melted fraction

360

350

340

330

320

310

300

290

280

(a)

period of 11:30 a.m. to 1:15 p.m., the temperature of the tank reaches the melting point
of the PCM where it is completely melted when the liquid fraction reaches the value of 1
and remains constant till 7.00 p.m. (sensible storage). This can be explained by the small
temperature difference between the tank and the PCM. When the SHWT starts cooling, the
solidification process begins in parallel and the fraction value decreases rapidly, reaching
zero value (PCM in solid condition). Finally, the liquid fraction remains constant between
10:00 p.m. and 6:00 a.m., which indicates the thermal equilibrium condition.

Standard Case
(without PCM) — %

s \\/ith QUL PCIV] e C3s@ ] e Case 2 == «=(Case 3

Case 2

Case 1

6:00

1.2

1.0

0.8

0.6

0.4

0.2

0.0

6:00 8:00

(b)

10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 2:00 4:00 6:00
Time of the day (h)

Case 3

e (35€ ] e===(Case 2 e==Case3

\

10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 2:00 4:00 6:00
Time of the day (h)

Figure 5. Comparison of three SHWT-PCM storage designs: (a) the water temperature and (b) the
average PCM melted fraction.

Figure 6 shows the storage of thermal energy in the three SHWT-PCM tank designs.
The comparison of the amount of thermal energy stored/released in the 3 designs can
appear clearly in Figure 6, where the evolution of the thermal energy stored in case 3 was
more than that in another case. From Figure 6, it is essential to note that the amount of
thermal energy brought into play in the phase change process is much more significant
than during sensitive transfers. Thanks to these latent transfers, it is now possible to
considerably reduce the volume of an energy storage system or even significantly increase
the quantity of energy contained in the same storage volume.



Sustainability 2023, 15, 640

9o0f 16

Thermal energy W/m?

800

600

400
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0

-200
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Time of the day (h)

Figure 6. Thermal energy storage of the three SHWT-PCM tank designs.

To quantify the thermal storage efficiency, Figure 7 shows the percentage of latent heat
stored in each thermal energy storage tank during the charging period and the thermal
efficiency of the three designs. It was observed that, under the same conditions, the thermal
efficiency of case 1 is 69%, and for case 2, the thermal efficiency is 79%. In addition, for
case 3, the thermal efficiency is 70%. The 3 designs used the whole store of energy, and
because of the integration of the PCM tubes and jacket in case 3, a significant portion of the
latent heat energy (41%) was stored by case 3. As a result, the thermal storage efficiency
was decreased by up to 70% compared to case 2.

m SHWT efficiency W Stored Latent heat
20

80
70
60
50
40
30
20
10

Efficiency
Percentage of LH energy stored %

Case 1l Case 2 Case 3

Figure 7. Thermal efficiency of the three SHWT-PCM tank designs.
5.2. Effect of the PCM Type

Different PCM types were tested to improve the storage system’s thermal efficiency.
There are four PCM types whose thermodynamic criteria represent an interesting choice for
the comparative study. Table 2 presents the thermo-physical properties of the PCMs used.
The influence of PCM type on water temperature and average OCM melted fraction are
shown in Figure 8. From the obtained results, PCM2 presented a more interesting option
than the other PCMs. It is noticed that PCM2 makes it possible to maintain a higher hot
water temperature during the discharge process. The maintenance of the higher water
temperature depends on the thermal energy available in the SHWT containing the PCMs
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Water Temperature (K)

and was also examined from an energy efficiency point of view. It is shown that the stored
thermal energy is destroyed less quickly in the case of the SHWT containing PCM2, which
led to a better quality of thermal energy storage material. The PCM2 paraffin wax changes

phase at a temperature of 40°C and with higher enthalpy, which makes it possible to store

a greater quantity of energy in latent form. Its high heat capacity and thermal conductivity
provide an additional sensible heat storage effect.

Table 2. The PCM’s thermophysical properties.

Proprieties PCM1 PCM2 PCM3 PCM4
Melting point (°C) 50 40 44 64
Enthalpy of fusion (kj/kg) 145 174 190 250
Density (kg/m?) 1412 900 930 880
Heat capacity (kj/kg.K) 24 2.5 21 2
Thermal conductivity (W/m.K) 0.2 0,21 0.21 0.2
360 1.6
e===pPCM] ===P(M2 ===PCM3 |===PCM4
350 -en e - e e - an e r W Wy 1.4
340 12
c
2
330 1.0 g
o
[re
320 0.8 5
o
0.6 T
310 s
300 0.4
290 ‘ NN v i < N \ 0.2
0y \ \
280 s 4 AR VAW 0.0
6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 2:00 4:00 6:00

Time of the day (h)

Figure 8. The Effect of the PCM type on the water temperature and the average PCM melted fraction.

5.3. Effect of PCM Thermo-Physical Properties

Figure 9 shows the effect of melting temperatures with thermal energy stored /released
and the average PCM melted fraction. In the morning session, PCMs with higher melting
temperatures are heated, requiring an enormous amount of heat to reach their melting
temperature. They then melt into a liquid while keeping the PCM temperature constant.
On the other hand, the PCMs with a lower melting temperature requires less heat to melt,
and stores sensible heat. During the evening, when the temperature drops, the PCMs which
have a higher melting temperature solidify rapidly, and the stored latent heat is released
more quickly compared to the PCMs which have a lower melting temperature.

From Figure 9a, it is found that the lower melting temperature is measured for a longer
duration of the shifting period. Moreover, from Figure 9b, the PCM melting temperature
directly affects the total duration of the melting process but not the sensible heat transfer
rate. Moreover, not being able to raise the PCM melting temperature indefinitely risks
storing most of the heat in a sensible form. On the other hand, it is possible to keep most of
this heat in a latent condition. However, there is a limit to raising the melting temperature
of the PCM. For example, a PCM melting temperature of around 313 K is suitable for
this system.
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Figure 9. The Effect of the melting temperature on (a) the thermal energy rate and (b) the average
PCM melted fraction.

Figure 10 shows the effect of the melting temperature on thermal energy storage. From
Figure 10, it is seen that the optimum melting temperature is around 313 K.

60
——=Total stored energy capacity ==Total released energy
E \
40 ~
& — \
E 30 \\
o
w 20
e
I2 \
10
0
310 315 320 325 330 335 340 345
Melting Temperature (K)

Figure 10. The Effect of the melting temperature on the thermal energy storage.
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Thermal energy rate (w/m?)

Melted fraction

500

(a)

Figure 11 shows the evolution of (a) the thermal energy storage/release and (b) the
PCM melted fraction for different thermal conductivities (0.2, 0.6, 1, 1.8, and 3.2 W/m.K)
during a complete cycle (storage/release). Figure 11a presents the variations of the thermal
energy transferred to/from the PCM, and Figure 9D illustrates the PCM melted fraction’s
evolution as a time function. From this figure, we notice that the amount of heat stored
by the PCM is proportional to the PCM thermal conductivity, and as a consequence of
the amount of stored energy which can be shifted as an increase in thermal conductivity,
generates an increase in the amount of thermal energy provided by the PCM, which
enhances the fusion process of the PCM as depicted in Figure 11b.
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Figure 11. The Effect of the thermal conductivity on (a) the thermal energy rate and (b) the average
PCM melted fraction.

Figure 12 depicts the effect of thermal conductivity on the thermal energy stored/
released from the system. From Figure 12, it is essential to note that the thermal conductivity
value affects the amount of thermal energy stored /released.

Figure 13 shows the evolution of (a) the thermal energy storage/release and (b) the
melted fraction for different latent heat enthalpies (100, 145, 250, and 500 Kj/kg) during a
complete cycle (storage/release).
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Figure 12. The Effect of thermal conductivity on thermal energy storage.
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Figure 13. The Effect of the PCM enthalpy on (a) the thermal energy rate and (b) the average PCM
melted fraction.

Figure 13a shows the variation of thermal energy stored/released for various PCM
latent heat enthalpies. It is observed that increasing the PCM’s latent heat enthalpy results
in an increase in the maximum thermal energy stored/released in the morning and the
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evening. This is illustrated by the fact that the PCM retains more heat when its enthalpy
has a high value, with less heat transfer to the water. The PCM accumulates heat during
the day in the storage system and recovers it when necessary in the evening. Its role is,
therefore, to delay the availability of solar energy. From Figure 13a, it is seen that the
thermal energy stored/released increases with a steep slope from the initial temperature to
the PCM melting point. This first mode corresponds to the conductive transfer between
the heat transfer fluid and the solid PCM. When the PCM changes phase, thermal energy
stored /released for the cases with higher enthalpy continues to increase but with a very
slight slope between the start temperature Ty};4ys and the end temperature of the change
of state Tjiquidis- At the end of the state change, the thermal energy stored/released curve
undergoes a new inflection and increases up to the maximum value. During the release
process, the slope of the thermal energy stored /released curve decreases slightly. There is no
solid PCM left at all. The variation of PCM latent heat enthalpy with PCM melted fractions
is shown in Figure 13b. Indeed, it was noticed that the melted fraction is faster for lower
latent heat enthalpies. This can be illustrated by the fact that a high latent heat enthalpy
results in the PCM retaining more heat, resulting in more time in the melting process.

Figure 14 shows the effect of the PCM latent heat enthalpy on the thermal energy
stored /released. From Figure 14, it is seen that the thermal energy stored is proportional to
the PCM latent heat enthalpy.

120
===Total stored energy capacity = ====Total released energy
& 100
£
~
E 80
&
N 60
c
o
E 40
Q
20
0
0 100 200 300 400 500 600

Enthalpy of fusion (kj/kg)
Figure 14. The Effect of the PCM enthalpy on the thermal energy storage.

6. Conclusions

This study focused on the thermal performance of three solar hot water tank (SHWT)
designs integrated with a PCM-based latent heat energy storage system. A two-dimensional
mathematical model was developed to simulate the thermal performance effeteness of the
three SHWT designs. This study yielded the following conclusions:

—  The SHWT-PCM system’s design significantly affects the storage process.

—  With the proposed design (case 3), where the PCM tubes and the PCM jacket are
integrated, a higher portion of the latent heat energy (41%) was stored, and the
thermal storage efficiency was up to 70%.

—  The water temperature of the SHWT in case 3 was higher compared to another design.
This was caused by the integration of the PCM jacket, which decreases thermal losses
by increasing the heat storage and insulation properties of the PCM.

—  Both the latent heat and the thermal conductivity of the PCM must be as high as
possible to quickly store a large amount of thermal energy on-peak period load, which
is then shifted to the off-peak period.

- An optimum PCM melting temperature can be selected for the better SHWT-PCM
system’s thermal performance. The PCM melting temperature value is 333 K, favored
when a more extended shifting period is needed.
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As future work, the impacts of the operational conditions, especially the HTF mass
flow rate, should be further studied to optimize the benefits of integrating latent heat
storage PCMs into domestic solar hot water tanks.
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Nomenclature

3

heat capacity (kj/kg.K)

the melted fraction of PCM

the acceleration of gravity (m/s?)
the enthalpy (kj/kg)

the thermal conductivity (W/m.K)
the latent heat (kj/kg)

pressure (Pa)

the temperature (K)

the velocity (m/s)
the density (kg/m?)
the dynamic viscosity (Pa s)

RO <N TR ToLT™O

Abbreviations:

HTF Heat Transfer Fluid
PCM Phase Change Material
SHWT Solar Hot Water Tank
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