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Abstract: In recent years, phase change materials (PCMs) have been presented as a suitable alternative
for thermal energy storage (TES) systems for solar water heater (SWH) applications. However, PCMs’
low thermal conductivity and the high dependence on external conditions are the main challenges
during the design of TES systems with PCMs. Design actions to improve the performance of the
TES systems are crucial to achieve the necessary stored/released thermal energy and guarantee the
all-day operation of SWHs under specific system requirements. In this study, a TES with PCM in
the configuration of a heat exchanger was redesigned, focused on achieving two main targets: an
outlet water temperature over 43 ◦C during discharging time (15 h) and efficiency over 60% to supply
the hot water demand of two families (400 L). A four-step redesign methodology was proposed and
implemented through numerical simulations to address this aim. It was concluded that the type,
encapsulation shape, and amount of PCM slightly impacted the system’s performance; however,
selecting a suitable sensible heat storage material had the highest impact on meeting the system’s
targets. The redesigned TES reached 15 operating hours with a minimum outlet water temperature
of 45.30 ◦C and efficiency of 76.08%.

Keywords: solar water heater; thermal energy storage; phase change materials; redesign
methodology; numerical simulations; sensitivity analysis; performance

1. Introduction

The continuous growth of the world population and industries has caused an increase
in energy consumption [1]. In this context, the conventional energy sources based on fossil
fuels and their derivatives have highly contributed to global warming, climate change,
and air pollution [2]. Exploiting nonconventional renewable energy sources has been
considered a potential alternative to overcome these problems [3]. However, these energy
sources present fluctuations in their availability, and auxiliary systems have been required
to achieve an all-day energy supply [4].

Thermal energy storage (TES) systems have been developed for solar water heating
applications to store thermal energy as an energy backup to reduce the impact of energy
fluctuations. TES systems collect thermal energy during high solar radiation hours, and
then the stored energy preheats water during periods of high demand when low or no
radiation is available. Therefore, TES systems can overcome the difference between the hot
water demand and availability [5].
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Latent heat storage with phase change materials (PCMs) in TES systems has been
considered a suitable technique to help SWHs to provide the demand for hot water and
improve their performance and autonomy [6,7]. PCMs can reduce the dependence on
auxiliary heaters powered by conventional energy sources and increase the operating hours
of the hot water supply during low solar radiation hours or nighttime demand [8].

PCMs in TES systems for SWHs absorb thermal energy during high solar radiation
while changing their thermodynamic phase from solid to liquid. During this phase transi-
tion, the amount of thermal energy stored in PCMs oscillates between 125 and 200 kJ/dm3

for organic PCMs, and between 200 and 400 kJ/dm3 for salt hydrates, which are inorganic
PCMs [9]. As a result, a well-designed TES system with PCMs as a thermal energy battery
for a SWH can achieve a higher energy storage density at a lower and more stable storage
temperature than a conventional SWH, and it can provide compact storage and better
efficiencies over the long-term operation of the system [10].

Within a SWH, different locations for the TES system with PCMs have been proposed
in previous studies [11–14]. The typical configurations include PCMs placed in four
locations: within the solar thermal collector [11], in a coupled PCM module between the
collector and the water storage tank [15], within the water storage tank [16], and in a heat
exchanger in a tankless configuration [10].

Several experimental and numerical works have been developed to evaluate the
performance of different proposals of TES with PCMs for SWHs [12,17,18]. Most of these
studies claimed to demonstrate the positive effect of the addition of PCMs in terms of
different approaches and parameters, such as the system’s efficiency [14], the amount of
stored energy [15], operating hours [19], and energy savings [8,20]. However, the main
challenges related to the design of a TES with PCMs for SWHs have been the low thermal
conductivity of the PCMs [21] and the high dependence on external conditions to reach
the melting temperature [22]. The need to improve the heat transfer rate between the PCM
and the external substances has been addressed by several researchers, usually applying
different enhancement techniques, such as fins [23], nanofluids [24], and nanoparticles [25].
Their works have focused on improving thermal stability and finding a higher thermal
energy retain/release rate [26,27].

This article presents a new approach for improving the performance of an existing
TES with PCM, with the aim of 15 h of thermal energy discharge achieving an outlet
water temperature over 43 ◦C and efficiency over 60% to supply the hot water demand of
two families (400 L). To tackle this aim, a redesign methodology was proposed based on
identifying improvement opportunities after analyzing the advantages and disadvantages
of a reference system. This proposal includes applying a multi-criteria decision-making
method for PCM selection, PCM encapsulation shape evaluation, and the PCM load within
the TES. In addition, a sensitivity analysis was performed to determine the effect of the
sensible heat storage material’s properties in taking advantage of the PCM properties. All
these evaluations were applied to the heat exchanger as TES with PCMs proposed and
studied by Bayomy et al. [13]. The proposed methodology is presented in four steps applied
by several numerical simulations using COMSOL Multiphysics 5.6 to obtain curves and
figures that show the effect of the changes related to each step.

2. Description of the Thermal Energy Storage System for Redesign

After a wide range of experimental and numerical studies related to TES with PCM
for SWHs, one of the major tasks is defining the most suitable model or configuration.
It is challenging to compare the proposed configurations found in the literature because
researchers have considered different flow rates, heat storage methods, solar collector
sizes, materials, enhancement methods, and more. Moreover, not all parameters can be
measured and compared based on performance [7]. However, heat exchangers in a tankless
configuration pose no risk of cross-contamination with PCM and no risk of growth of
legionella bacteria in hot drinking water during its operation, if compared to other typical
configurations [7,10].
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In this numerical study, a heat exchanger in a tankless configuration based on the
research by Bayomy et al. [13] was selected as a reference system to be redesigned. In
addition to the benefits of this configuration in terms of health factors [7], it also provides
good internal space to test different amounts, encapsulation shapes, and topology of the
PCM in a redesign process. The proposed system only allows the hot drinking water to
pass through a coil. A combination of water and PCM cylinders was placed outside the coil
to store thermal energy, as presented in Figure 1.
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Figure 1. A thermal energy storage system with PCM by Bayomy et al. [13].

In their study, Bayomy et al. mainly focused on analyzing the stored and released heat
in the thermal energy storage tank. The dependence of the efficiency and the temperature
of the hot water was evaluated according to the demand for hot water corresponding to a
different number of families. The heat exchanger was composed of a 0.28 m diameter coil
with a pipe diameter of 0.02 m. The tank had a height and diameter of 1.15 m and 0.46 m,
respectively. In addition, this TES had 32 cylindrical PCM rods per row, with a total of
five rows. The PCM was encapsulated into cylinders of 0.2 m height and 0.05 m diameter.
N-eicosane was used as PCM, and its properties are presented in Table 1.

Table 1. N-eicosane thermal properties [13].

N-Eicosane Solid Phase Liquid Phase

Melting point (◦C) 36.4
Latent heat (kJ/kg) 247.3

Thermal conductivity (W/m·K) 0.35 0.15
Specific Heat (kJ/kg·K) 2.1360 2.1336

Density (kg/m3) 856 778

As thermal boundary conditions, an inlet water temperature of 50 ◦C was considered
during charging time (9 h) and 20 ◦C during discharging time (15 h). Moreover, the tank
was insulated.

Fluid flow boundary conditions were also considered for the inlet water velocity, in
addition to a no-slip condition in the rest of the walls and the outlet. The velocity was
set during the charging period to represent fluid flows of 2, 3, and 4 L/min. Typical
domestic hot water demand profiles were taken during the discharging period to set the
expected water flow to supply the demand of one (200 L), two (400 L), three (600 L), and
four (800 L) families. Bayomy et al. analyzed the performance depending on the number of
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families considering the hot water draw profiles for domestic hot water systems according
to ASHRAE Standard 90.2 [28].

Their numerical simulations with different flow rates demonstrated the TES capacity
to maintain the outlet temperature between 27 and 46 ◦C. The stored energy increased with
the increment in the fluid flow. Moreover, the efficiency increased with the increment in the
hot water supply flow rate between 35% to 39%, and with the increment of family demand,
from 35% for one family to 82% for four families for the hot water flow of 2 L/min.

An assumption made in the reference study was that the presence of PCM in the TES
was positive for the system’s performance. No simulations were run in the case without
PCM to verify this aspect. In addition, the type, amount, and encapsulation shape of the
PCM were assumed without considering other possible alternatives. This was also reflected
in the selection of water as the sensible heat storage substance.

The approach carried out in the reference study was to achieve the highest efficiency
in harnessing the most considerable amount of energy stored in the PCMs without defined
targets in terms of the minimum outlet water temperature and minimum efficiency. How-
ever, it is observed in Figure 2 that the greater the number of families, the more noticeable
the decrease in temperature during discharging time.
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Figure 2. Hot water temperature vs. time and the number of families [13].

The American Society of Mechanical Engineers (ASME) recommends a minimum hot
water temperature of 43 ◦C for domestic applications [29]. Although the reference work
did not emphasize a minimum temperature requirement, Figure 2 shows that the reference
TES with PCM does not reach temperatures above 43 ◦C during the 15 h of discharge for
any of the demand conditions considered, and the most efficient case when meeting the
highest demand (800 L) leads to lower temperatures.

The above weaknesses found in the reference TES with PCM led to four improvement
opportunities to carry out its redesign as discussed in the next section.

3. Improvement Opportunities for a Redesign

During the identification of improvement opportunities for a redesign, the tank and
coil dimensions were unchanged. Additionally, the tank walls were assumed insulated.
After these considerations, the present study focused on the improvement opportunities
identified as follows:

• In the reference study, the TES with PCM was not compared to the case without PCM
(WP-TES) to evaluate whether the PCM improves the performance. The presence of
PCM does not guarantee improvement in the system’s performance [8,30,31]. The
design should be evaluated for the case of only sensible heat storage material to define
the current needs to enhance the performance with PCMs.
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• The technical requirements are crucial when selecting a PCM for a specific applica-
tion [32]. Therefore, it is necessary to set a minimum hot water outlet temperature goal
based on the technical requirements and select a new PCM with a melting temperature
near the minimum target temperature of the hot water according to the literature [19].

• In the reference study, neither of the flow rates selected could completely charge
the PCM during the charging period (9 h). In addition, the PCM capsules were
not completely solidified after any discharging period, which suggests the need to
reevaluate the PCM amount [33] and encapsulation shape [34].

• The effect of the sensible heat storage material in the TES system is crucial because
it consists of a well-balanced combination of latent and sensible heat storage mate-
rials [35]. Therefore, an improvement option consists of evaluating if water is the
best option as a sensible heat storage material, and selecting another material on the
contrary case [36]. The selected TES with PCM configuration allows considering a
sensible storage material other than water due to the non-existence of contact between
the hot drinking water and the TES materials [37].

This study mainly focused on improvement options related to the type, shape, and
amount of sensible and latent heat storage materials. More complex enhancement options,
such as fins, nanofluids, and nanoparticles to enhance heat transfer, were not considered.
Thus, the results after implementing the four improvement opportunities previously identi-
fied for the redesign can indicate the need, or not, for these complex enhancement options.

4. Methodology

A four-step redesign methodology was proposed based on the four improvement
opportunities previously defined. This included the evaluation of operating conditions
and new design targets, the comparison between the reference TES with and without PCM
(step 1), the PCM selection through multi-criteria decision-making methods (step 2), the
evaluation of the amount and shape of the PCM (step 3), and sensitivity analysis of the
effect of the sensible heat storage material on the PCM performance (step 4). Every step was
implemented through numerical simulations in COMSOL Multiphysics 5.6 (Burlington,
MA, USA).

4.1. Step 1: Definition of Current Operating Conditions and Comparison of the Reference TES with
the TES without PCM

A brief review of the considered reference system’s operating conditions and targets
is shown in Table 2. It can be observed that the original TES did not include a minimum
design temperature after discharging time (15 h) and a minimum efficiency target. These
parameters were included as new targets during this redesign process. The minimum
temperature after discharging time was set based on the minimum water temperature
recommended by ASME for hot water domestic applications of 43 ◦C [29].

Table 2. System parameters and targets according to the context.

Operating Conditions and Targets Reference TES Redesigned TES

Inlet hot water temperature during
charging time 50 ◦C 57 ◦C

Inlet cold water temperature during
discharging time) 20 ◦C 27 ◦C

Charging time 9 h 9 h
Discharging time 15 h 15 h

Minimum temperature during
discharging time (15 h) Does not apply 43 ◦C

Number of families 1, 2, 3 and 4 2
Minimum efficiency Not defined 60%
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In addition, the present redesign considers the possible application of the TES with
PCM under the tropical climate of Panama [38]. Based on this aspect, the inlet cold water
temperature was set as 27 ◦C, the estimated mean domestic water temperature in the
Republic of Panama [39]. The design inlet hot water temperature was selected to maintain
the same difference of 30 ◦C between hot and cold inlet water temperatures as in the
reference study. Furthermore, this redesign aims to provide hot water for 2 families (400 L)
only, instead of 1, 2, 3, and 4 families as in the reference study.

Based on the operating conditions and the new design targets for the TES (Table 2),
the thermal boundary conditions for the numerical simulations were a constant water inlet
temperature of 57 ◦C during charging time (9 h), and 27 ◦C during discharging time (15 h),
to complete an all-day operation. In addition, the tank was considered insulated. The fluid
flow boundary conditions were the inlet water velocity profile to represent a fluid flow of
2 L/min and hot water demand of 400 L according to ASHRAE Standard 90.2 [28] (see
Figure 3). The no-slip condition was considered in the rest of the walls and the outlet.

Energies 2022, 15, x FOR PEER REVIEW 6 of 25 
 

 

Table 2. System parameters and targets according to the context. 

Operating Conditions and Targets Reference TES Redesigned TES 

Inlet hot water temperature during 

charging time 
50 °C 57 °C 

Inlet cold water temperature during 

discharging time) 
20 °C 27 °C 

Charging time 9 h 9 h 

Discharging time 15 h 15 h 

Minimum temperature during 

discharging time (15 h) 
Does not apply 43 °C 

Number of families 1, 2, 3 and 4 2 

Minimum efficiency Not defined 60% 

In addition, the present redesign considers the possible application of the TES with 

PCM under the tropical climate of Panama [38]. Based on this aspect, the inlet cold water 

temperature was set as 27 °C, the estimated mean domestic water temperature in the 

Republic of Panama [39]. The design inlet hot water temperature was selected to maintain 

the same difference of 30 °C between hot and cold inlet water temperatures as in the 

reference study. Furthermore, this redesign aims to provide hot water for 2 families (400 

L) only, instead of 1, 2, 3, and 4 families as in the reference study. 

Based on the operating conditions and the new design targets for the TES (Table 2), 

the thermal boundary conditions for the numerical simulations were a constant water 

inlet temperature of 57 °C during charging time (9 h), and 27 °C during discharging time 

(15 h), to complete an all-day operation. In addition, the tank was considered insulated. 

The fluid flow boundary conditions were the inlet water velocity profile to represent a 

fluid flow of 2 L/min and hot water demand of 400 L according to ASHRAE Standard 90.2 

[28] (see Figure 3). The no-slip condition was considered in the rest of the walls and the 

outlet. 

 

Figure 3. Water velocity in the coil for the demand of 2 families (400 L) vs. time. 

In the simulations for the case of the TES without PCM, the PCM cylinders were 

replaced by water. The thermal and fluid flow boundary conditions were the same as the 

case with PCM. 

Figure 3. Water velocity in the coil for the demand of 2 families (400 L) vs. time.

In the simulations for the case of the TES without PCM, the PCM cylinders were
replaced by water. The thermal and fluid flow boundary conditions were the same as the
case with PCM.

4.2. Step 2: Selection of New PCM

The literature suggests the PCM melting temperature should be close to the minimum
desired hot water temperature during discharging time [19], which is 43 ◦C for dwelling
hot water application [29].

Three possible organic PCMs with melting temperatures between 43–45 ◦C were
considered for selection. Table 3 presents the main properties of these organic PCMs found
in the literature.

Table 3. Organic PCMs for SWHs identified in the literature.

Material

A. Thermal
Conductivity

(W/m · K)

B. Specific Heat
(kJ/kg · K)

C. Latent
Heat

(kJ/kg)

D. Melting
Temperature

(◦C)

E. Density
(kg/m3)

Liquid Solid Liquid Solid Liquid Solid

1. Lauric Acid
[40–42] 0.15 0.37 2.154 2.1416 182.92 43.9 870 1.007

2. RT44 [43] 0.2 0.2 2 2 250 43 700 800
3. ATP 43 [44] 0.2 0.2 2 2 265 43 760 780
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The PCM selection is a crucial task that mainly depends on the melting temperature
and thermal conductivity. However, different physical, chemical, and economic properties
impact the selection, and, in some cases, these properties may conflict with each other when
looking for selection criteria that seek the best results for each of them. No PCM contains
all of the desired properties [21]; nonetheless, the selection during the design process
can consider multiple criteria, even in conflict, through the application of multi-criteria
decision-making methods (MCDM) [45].

In this step, VIKOR (Vise Kriterijumska Optimizacija Kompromisno Resenje) [45] and
COPRAS (complex proportional assessment) [46] methods were applied for new PCM
selection considering the properties identified in Table 3 as criteria for selection. The
entropy method was used to determine the weights of criteria importance. The application
of these MCDM provided a classification of the alternatives using the compromised weight
of the entropy method [47].

VIKOR and COPRAS revealed lauric acid (LA) as the most promising among the
materials considered. Next, the system’s behavior with LA instead of n-eicosane (N-E) was
simulated to verify if LA allowed the system to meet the targets for the redesigned TES.

4.3. Step 3: Evaluation of Geometry and Size of PCM Encapsulation

Several researchers have demonstrated that the encapsulation geometry can impact
the heat transfer between PCM and the external heat transfer fluid [34,48,49]. The related
studies on the encapsulation geometry effect have focused on PCM capsules or prisms
under constant temperature boundary conditions [34]. However, through numerical simu-
lations, it is possible to select the encapsulation geometry based on the TES system response
to transient temperature boundary conditions.

Three encapsulation shapes were evaluated: drop-shaped, triangular, and circular
cross-section prisms. The circular cross-section prisms were cylinders, the same shape as in
the reference TES. In all cases, the cross-section area was designed to maintain the same
PCM volume per prism, as shown in Figure 4. The prism’s height was fixed as 200 mm.
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The numerical simulations of the charging time of these different cross-section-shaped
prisms were run to compare their performances. A cut-plane was defined to obtain molten
phase fraction profiles in the middle of the TES at the end of the charging time.

4.4. Step 4: Evaluation of Sensible Heat Storage Substance

The sensible heat storage capacity quantifies the potential of a material to store thermal
energy while changing its temperature. An effective sensible energy storage material will
have a high sensible heat storage capacity; however, this is not enough to make a selection.
After storing thermal energy, the material should release it satisfactorily. The main property
related to this adequate thermal energy release rate is thermal conductivity. Water is an
example of a material with a high energy density but low thermal conductivity. Due to
this fact, several studies have been undertaken to increase the thermal conductivity of
water and other substances by including nano-conductive particles in the production of
“nanofluids” [24]. The efforts to also increase the thermal conductivity of PCM have been
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previously reviewed [50]. However, the thermal conductivity improvements tend to be
difficult and limited [51].

A sensitivity analysis through several numerical simulations was performed to quan-
tify the effect of the thermal conductivity of the sensible heat storage substance on the TES
performance, maintaining the same sensible heat storage capacity as water
(Cpw = 4169.45 kJ/m3·K at 25 ◦C) [52]. Based on the sensitivity analysis results, a sensible
heat storage material with suitable characteristics for the application was selected. Then
numerical simulations of the TES with only this material, and with PCM, were performed.

The proposed four-step methodology can be finally summarized in the flow chart
illustrated in Figure 5.
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5. Numerical Model

The implementation of the proposed redesign methodology was performed through
numerical simulations in COMSOL Multiphysics 5.6 (Burlington, MA, USA). The solutions
of these simulations were derived considering the following assumptions:

• The liquid phase is a Newtonian and incompressible fluid [13].
• The flow in the coil is laminar [13].
• The natural convection in the movement and behavior during the melting process is

neglected for simplicity [15].
• The PCM encapsulation material does not affect the heat transfer rate between the

sensible and latent heat storage substances, meaning it is considered to be entirely
thermally conductive [15].
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• The volume of the PCM does not experience changes during the phase transition [15].
• A stagnated substance surrounds the PCM prisms, and its velocity is zero [15].
• The velocity of PCM during the solid phase is zero even when surrounded by

liquid [15].
• PCM is homogeneous and isotropic [34].
• The system is assumed stationary [53].
• PCM melting and solidifying temperatures are the same [54].

As depicted in Figure 2, the TES with PCM has three main components to model: the
macro-encapsulated PCM, water flow into the coil, and a stagnated external substance
for sensible heat storage. Every component was modeled based on transport phenomena
equations [53]. These equations were solved by COMSOL Multiphysics 5.6 based on finite
element formulation (FEM).

The energy equation was used to model the heat transfer in the macro-encapsulated
PCM [13]. In this analysis, the specific heat and the density were modeled through the
apparent capacity method [8,55]. The Navier Stokes equations were applied to model
the momentum transport, continuity, and energy in the water flow into the coil [13]. The
external substance for sensible heat storage is considered to be stagnated independently of
its phase (liquid or solid). In this substance, only the heat transfer effect is considered and
given by the energy equation [13]. In addition, the heat transfer mechanism is conduction
between the sensible heat storage substance and the PCM. The tank is considered wholly
insulated, and it limits the heat transfer to internal substances.

The numerical model was verified to assess the dependence of the solutions on the
grid size and the time-stepping. First, three grid sizes were examined: 405,968, 1,864,149,
and 4,173,726. The model with 405,968 elements offered the shortest computation time with
negligible variation in results compared to those obtained with finer grids. Therefore, due
to the considerably smaller number of elements and the little variation with respect to the
other options, 405,968 elements was selected as the grid size to evaluate the system under
different conditions. Then, the effect of the time step in the solutions with the selected
number of elements was evaluated considering three time-step sizes: 1 s, 0.5 s, and 0.2 s.
The difference between the results was negligible, which suggests that the results were
independent of the time step. Therefore the time-dependent numerical simulations for
every step were simulated with time steps taken by the solver using an adaptive time-
stepping scheme that allows the software to automatically adjust the time-step size to
maintain a chosen relative tolerance [56]. In this study, the relative tolerance was set at 0.001
and the time-stepping method was the Backward Differentiation Formula (BDF), which
is an implicit solver that uses backward differentiation formulas [57]. The results were
displayed every 1800 s until 86,400 s (24 h). The mesh was prepared as physics-controlled,
with an average element quality of 0.6 according to the skewness quality measure [58]. The
implemented boundary conditions were discussed in the previous section.

6. Results and Discussion
6.1. Implementation of Step 1: Definition of Current Operating Conditions and Comparison of the
Reference TES with the TES without PCM

The reference (R) TES with n-eicosane as PCM was studied through numerical simula-
tions during the entire operating time of 86,400 s (24 h) to characterize its behavior under
previous and current operating conditions presented in Table 2. In addition, the behavior of
the case without PCM (WP), that is the case in which water surrounds the coil as a sensible
heat storage substance, was also studied for comparison with R. Both TES systems are
shown in Figure 6. The results of these first simulations are depicted in Figures 7 and 8,
which present curves of water temperature vs. time for both previous (P) and current
(C) inputs.
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In Figure 7 it is observed that for the previous input, both TES with and without PCM
presented similar charge profiles in terms of the outlet water temperatures in the coil. WP
allowed a slightly higher maximum outlet water temperature (46.47 ◦C) than the obtained
in R (44.58 ◦C). Furthermore, during discharging time, WP allowed a ≈10.59% higher
energy release than the case with PCM.

The current input allowed a similar charge profile, as depicted in Figure 8. Like
under previous input, WP reached a higher maximum outlet water temperature (52.35 ◦C)
compared to obtained by R after the charging time (51.05 ◦C). During discharging time, WP
increased its energy release capacity compared to the case with PCM, which was ≈21.71%
higher. At the same time, the efficiency and the operating hours were higher in WP for
both previous and current operating conditions.

Table 4 shows the comparison of some critical parameters, such as the accumulated
and delivered energy during charging and discharging times, the efficiency (the delivered
energy compared to the accumulated energy), maximum outlet water temperature dur-
ing charging time, minimum outlet water temperature during discharging time, and the
operating hours. Operating hours were defined as the total hours with an outlet water
temperature higher than 43 ◦C, based on the minimum recommended hot water tempera-
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ture for domestic applications according to ASME [29]. These parameters were considered
throughout this study.
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Table 4. Comparison of several parameters related to the reference system (R) operation with and
without PCM (WP) for the previous and current operating conditions.

Parameters
R WP

Previous Current Previous Current

Accumulated energy during charging
time (kJ) 21,438.83 23,435.74 21,938.15 21,992.92

Delivered energy during discharging
time (kJ) 12,319.92 10,091.53 13,778.93 12,890.47

Efficiency (%) 57.47 43.06 62.81 58.61
Maximum outlet water temperature

during charging time (◦C) 44.58 51.05 46.47 52.35

Minimum outlet water temperature
during dicharging time (◦C) 34.35 35.68 35.04 38.51

Operating hours (Outlet water
temperature higher than 43 ◦C) 1 2 2 3.5

Table 4 shows WP accomplished the best performance for the previous and the new
operating conditions. It reaches higher outlet water temperatures during charging and
discharging times, higher efficiencies, and longer operating hours. The presence of PCM did
not improve the system’s performance compared to WP. However, neither scenario could
meet the proposed minimum outlet temperature and expected operating hours during
the discharging time. Therefore, the second step, selecting a new PCM, was executed to
improve the PCM’s contribution to the system.

6.2. Implementation of Step 2: Selection of a New PCM

As previously mentioned in Section 4.2, LA was selected as the new PCM based on
the multi-criteria decision-making methods VIKOR and COPRAS. Figure 9 presents the
results of the numerical simulations of three configurations: the reference TES with lauric
acid cylinders (LA_R), the reference TES with n-eicosane cylinders (N-E_R), and the TES
without PCM (WP). These configurations were simulated under the current inlet water
temperature profile as input (C).
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Figure 9. Inlet and outlet water temperatures vs. time for the reference TES with and without PCM,
based on the operation under current input (C).

Figure 9 shows that the outlet water temperature profile in the LA_R was always
higher than the profile obtained with the N-E_R. When comparing LA_R and WP outlet
water temperature profiles, the latter could maintain higher temperatures during the first
hours of discharge, which were the highest hot water demand hours. When the hot water
demand decreased after ≈50,000 s, the LA improved the outlet water temperature by
approximately 1 ◦C.

Other parameters for comparison are presented in Table 5. Although N-E_R stored
more energy (approximately 9% more), the LA_R allowed a higher energy release (approx-
imately 26% more). Hence, the LA_R presented higher efficiency and more operational
hours than the N-E_R. The differences between LA_R and WP were negligible, but the
latter provided longer operating hours. Neither of the scenarios could meet the targets
for the redesigned TES. Therefore, step three—evaluation of geometry and size of PCM
encapsulation—is required to improve the performance of LA in the TES system.

Table 5. Comparison of several parameters related to the reference TES (R) operation with different
PCMs and the TES without PCM (WP) under current input.

Parameters
R

WP
N-E LA

Accumulated energy during charging time (kJ) 23,435.74 21,342.06 21,992.92
Released energy during discharging time (kJ) 10,091.53 12,749.78 12,890.47

Efficiency (%) 43.06 58.96 58.61
Maximum outlet temperature during charging time (◦C) 51.05 51.30 52.35
Minimum outlet water temperature during discharging

time (◦C) 35.68 39.14 38.51

Operating hours (Outlet water temperature over 43 ◦C) 2 3 3.5

6.3. Implementation of Step 3: Evaluation of Geometry and Size of PCM Encapsulation

First, the numerical simulations of the charging time for triangular and circular cross-
sections prisms were run to compare their performances under current input [34]. The final
results of molten phase fraction profiles in a cut-plane at the middle of the TES are depicted
in Figures 10 and 11. In red is the melted area, and in blue is the solid-phase area.
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Figure 10. Phase transition in circular cross-section PCM prisms after charging time: (a) molten phase
fraction in a cut plane defined in the middle of the TES (0–1 from solid to liquid); (b) location of the
cut plane in the TES.
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Figure 11. Phase transition in triangular cross-section PCM prisms after charging time: (a) molten
phase fraction in a cut plane defined in the middle of the TES (0–1 from solid to liquid); (b) location
of the cut plane in the TES.

It is observed in Figures 10 and 11 that central prisms did not experience phase change
due to their low proximity to the heat source, which is hot water flowing into the coil. Based
on this behavior, simulations of drop-shaped and circular cross-section PCM prisms were
performed without the central elements; the results for these evaluations are presented in
terms of the molten phase fraction after charging period in Figures 12 and 13.
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Figure 12. Phase transition in drop-shaped cross-section PCM prisms after charging time: (a) molten
phase fraction in a cut plane considered in the middle of the TES (0–1 from solid to liquid); (b) location
of the cut plane in the TES.
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Figure 13. Phase transition in circular cross-section PCM prisms, without central prisms, after
charging time: (a) molten phase fraction in a cut plane considered in the middle of the TES (0–1 from
solid to liquid); (b) location of the cut plane in the TES.

Figures 12 and 13 showed no perceptible increment in the molten phase fraction
compared to previous configurations, even without the central PCM prisms. However,
Table 6 shows the circular cross-section PCM prisms reached the highest accumulated
energy, and the 3% of PCM reduction increased the accumulated energy by almost 1% while
allowing an increment in the maximum mean molten phase fraction by approximately 3%.

Table 6. Comparison between main parameters for shape evaluation.

Parameter

Cross-Section Shapes

Triangular Drop Circular
Circular without Central

Elements (Approx. 3%
Less PCM)

Acummulated energy
during charging time (kJ) 21,111,56 21,180.21 21,342.06 21,527.19

Maximum mean molten
fraction in a cut-plane at

the middle of the TES (pu)
0.4695 0.4727 0.4788 0.5063
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Therefore, these results suggested that PCM reduction, which will not melt during
charging period due to its location, increased the mean melting percentage without a
high reduction in the accumulated energy. Consequently, a higher subtraction of PCM is
proposed by eliminating approximately 50% of PCM that will not melt according to the
results in Figure 13. Figure 14 shows the molten phase fractions after the charging time of
the resulting thermal energy storage with reduced lauric acid prisms (LA-Rr).
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Figure 14. Phase transition in PCM reduced prisms after charging time: (a) molten phase fraction in
a cut plane defined in the middle of the TES (0–1 from solid to liquid); (b) location of the cut plane in
the TES.

Figure 14a shows that most of the PCM is melted in the cut plane at the middle of the
TES after charging time. The proposed reduction in PCM by approximately 50% increased
the amount of accumulated energy to 22,012.70 kJ, approximately 2.5% higher than the
accumulated energy in the case of the circular cross-section without central prisms. These
results are attributed to the reduction in the PCM and the increase in water, which implies an
increment of material with higher thermal conductivity and sensible heat storage capacity.
Based on these results, the configuration of thermal energy storage with reduced lauric
acid prisms (LA_Rr) was selected as the proposed geometry and amount of lauric acid as
shown in Figure 15.
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Finally, the all-day simulation of the selected configuration was performed to analyze
the effect of PCM amount and geometry changes. Figure 16 shows that the presence of
the reduced prisms slightly modified the performance of the TES compared to the case of
complete cylinders, which is equivalent to LA_R. Moreover, from 50,000 s, the outlet water
temperature is approximately 1 ◦C higher than that obtained in WP.
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Figure 16. Inlet and outlet water temperatures vs. time to compare the expected behavior of the TES
with cylindrical prisms of lauric acid (LA_R), the TES with reduced elements of lauric acid (LA_Rr),
and the TES without PCM (WP).

In addition, Table 7 shows that the results obtained for the system with the reduced
LA prisms and the original system with lauric acid cylinders are almost the same. However,
the LA reduced prisms represent a 50% reduction in PCM, which means economic savings.

Table 7. Performance comparison between the TES without PCM (WP), the TES with cylindrical
prisms of lauric acid (LA_R), and the TES with reduced elements of lauric acid (LA_Rr).

Parameter WP LA_R LA_Rr (Approx. 50% Less
PCM)

Accumulated energy during
charging time (kJ) 21,992.92 21,342.06 22,012.70

Delivered energy during
discharging time (kJ) 12,890.47 12,749.78 12,591.62

Efficiency (%) 58.61 58.96 57.20
Maximum outlet water

temperature during charging
time (◦C)

52.35 51.30 51.48

Minimum outlet water
temperature during

discharging time (◦C)
38.50 39.14 39.25

Operating hours (Outlet water
temperature over 43 ◦C) 3.5 3 3

Moreover, the WP results are still better in terms of operating hours than the results
obtained for LA_R and the LA_Rr. The last changes were not enough to reach the desired
minimum outlet water temperature during all the operating hours in any TES. There is not
a noticeable difference between systems to justify the addition of PCM due to the additional
costs and technical complexity that it represents.
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In the next section, several simulations are presented to evaluate the system’s sensibil-
ity to the heat transfer properties from the external substance to the PCM, the performance
of the sensible heat storage material, with the aim of reaching the proposed targets.

6.4. Implementation of Step 4: Evaluation of Sensible Heat Storage Substance

A sensitivity analysis was performed for the proposed LA_Rr by considering the effect
of varying the thermal conductivity of a substance with the same sensible heat storage
capacity as water (Cpw = 4169.45 kJ/m3·K at 25 ◦C) [52]. The results of these simultaneous
numerical simulations are shown in Figure 17.
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Figure 17. Relation between the water temperature and the external fluid’s thermal conductivity
variation considering water’s constant sensible heat storage capacity in LA_Rr.

Figure 17 showed that increasing the thermal conductivity from k = 0.6 W/m·K to
k = 3.0 W/m·K increased the ability of the thermal energy storage system to deliver the
stored energy during discharging time for the same sensible heat storage capacity. Therefore,
this suggested that changing the water for another sensible heat storage substance with
higher thermal conductivity and a similar sensible heat storage capacity is a feasible
alternative to improve the system’s behavior.

Moreover, the accumulated energy during charging time in previous simulations
revealed the sensible heat stored was around 50% of the water’s sensible heat storage
capacity for a tank volume of ≈19 m3, and a temperature difference of ≈25 ◦C during
charging time. Hence, a list of sensible heat storage materials with their main properties
as sensible heat storage substances is presented in Table 8. These materials were selected
based on their sensible heat storage capacity, in the range of 0.5 Cpw to Cpw.

Table 8. Properties of some identified substances with sensible heat storage capacity in the range of
0.5 Cpw to Cpw.

Material
Thermal

Conductivity
(W/m · K)

Specific
Heat

(kJ/kg · K)

Density
(kg/m3)

Sensible Heat
Storage Capacity

(kJ/m3 · K)

Water [52] 0.623 4.182 997 4169.45
Thermal grease T670 [59] 3.000 1.000 2600 2600.00

Steatite [60] 3.300 0.980 2800 2.744
50% Ethylene

Glycol—50% Water [61] 0.282 3.480 1075 3.741
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Table 8 shows that thermal grease and steatite have enough thermal conductivity to
present a similar behavior as the curve of k = 3.0 W/m·K, shown in Figure 17. In contrast,
the 50% ethylene glycol—50% water mixture has lower thermal conductivity than steatite
and thermal grease. Thus, it is not suitable as a medium for the heat transfer between the
coil and the reduced prisms.

Thermal greases have a high range of thermal conductivities, and their cost increases as
the thermal conductivity increases. High-performance thermal grease with k = 3.0 W/m·K
is an expensive material costing approximately 678 USD/kg [62]. Another material that has
been presented as an alternative is steatite. This material is cheaper compared to thermal
grease. It also has wide availability [63]. Therefore, steatite was selected as the chosen
sensible heat storage material.

First, the steatite TES performance without PCM (S-WP) was studied by simulating its
expected behavior during all the operating time, and maintaining current input. In this
study, only the thermal properties of steatite were considered. Figure 18 shows that steatite
allowed the outlet water temperature to reach thermal equilibrium with the inlet water
temperature at the end of the charging time. In addition, the operating hours increased to
5.5 h. However, the temperature decreased rapidly after 45,000 s.
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Figure 18. Inlet and outlet water temperatures vs. time for the steatite TES without PCM (S-WP),
under current input (C).

Considering the results shown previously in Figure 18, the addition of lauric acid
would positively limit the temperature drop. The thermal energy storage with steatite and
reduced LA prisms (S LA_Rr) was simulated for all the operating time. Furthermore, a
simulation of a thermal energy storage with steatite and cylindrical LA prisms (S LA_R) was
developed to verify the proper shape selection and LA amount suggested in the reduced
prisms.

Figure 19 shows that, despite the outlet and inlet water flows did not reach thermal
equilibrium, the addition of PCM in S LA_Rr and S LA_R, mitigated the outlet water
temperature drop after 60,000 s.
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Figure 19. Inlet and outlet water temperatures vs. time curves for the cases of TES with steatite (S),
TES with steatite and cylindrical prisms of lauric acid (S LA_R), and a TES with steatite and reduced
prisms of lauric acid (S LA_Rr), under current input (C).

When comparing the effect of the PCM in terms of shape and amount, Figure 19 shows
that the S LA_Rr reached a higher outlet water temperature after charging time than the S
LA_R. In addition, it allowed higher outlet water temperatures until 60,000 s, which were
the hours of higher demand, as depicted in Figure 3.

Other parameters related to the performance of the studied thermal energy storage
systems with steatite as sensible heat storage material are shown in Table 9. It is observed
that both TES with steatite and LA reached the desired operating hours, keeping the outlet
water temperature above 43 ◦C. Although S LA_Rr accumulated lower energy than the S
LA_R alternative, it could deliver more energy. Therefore, S LA_Rr presented a 10% higher
efficiency while achieving PCM savings of approximately 50%.

Table 9. Performance comparison between a TES with only steatite (S-WP), a TES with steatite and
cylindrical prisms of lauric acid (S LA_R), and a TES with steatite and reduced prisms of lauric acid
(S LA_Rr).

Parameter S-WP S LA_R S LA_Rr

Accumulated energy during charging time (kJ) 19,357.12 28,116.01 25,470.68
Delivered energy during discharging time (kJ) 18,025.18 18,641.70 19,376.85

Efficiency (%) 93.12 66.30 76.08
Maximum outlet water temperature during

charging time (◦C) 56.86 55.13 55.94

Minimum outlet water temperature during
discharging time (◦C) 35.63 45.59 45.30

Operating hours (Outlet water temperature over
43 ◦C) 5.5 15 15

A comparison of the increase in performance obtained by applying every step is
analyzed graphically in Figure 20. This graph shows that the operating hours were not
noticeably impacted by the changes related to the PCM, and WP had the highest number
of operating hours until step 3. However, the application of step 4 represented an increase
of 750% in the initial operating hours achieved by R, which means 13 extra hours of hot
water with a temperature over 43 ◦C for a total of 15 operating hours.
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Figure 20. Comparison between performance parameters evaluated in step 1 to step 4.

The efficiency and minimum outlet water temperature also underwent small changes
when applying steps 2 and 3. The application of step 4 represented an increment of ≈10 ◦C
in the case of the minimum outlet water temperature, and the efficiency increased by
≈33% compared to R, and by ≈17.5% compared to WP. The final proposed redesigned TES
(S LA_Rr) presented efficiency of 76.08%.

7. Conclusions and Future Work

This article presented the conceptualization and implementation of a redesign method-
ology to enhance an existing TES with PCM system for a SWH while achieving defined
operational targets. The proposed four-step redesign methodology was developed based
on four improvement opportunities after a critical analysis of a reference TES with PCM.
Steps 1 to 3 slightly improved the system performance in terms of the main performance
parameters. However, step 4 had the most relevant impact on parameters, such as effi-
ciency, minimum outlet water temperature, and hours of operation. As a result, the system
achieved the target operational conditions. The redesigned TES, consisting of steatite as
sensible heat storage material and lauric acid as latent heat storage material in reduced
prisms (S LA_Rr), reached a minimum outlet water temperature of 45.30 ◦C and efficiency
of 76.08%. In addition, the final redesigned TES showed satisfactory improvements in terms
of operational performance when compared to the reference TES with PCM by meeting the
two main objectives: an outlet water temperature greater than 43 ◦C during discharging
time (15 h) and efficiency greater than 60% to supply the hot water demand of two families
(400 L). These results show the critical role that a suitable redesign methodology can play
when improving an existing TES system with PCM for a SWH system.

Future work will involve to extend the proposed methodology and assess the effect
of a variable inlet water temperature profile during charging time correlated with the
location-specific climatic conditions. Other relevant aspects to consider are the effect of
different hot water demands, the performance in continuous operation for more than one
day, the impact of turbulent flow, the variations between freezing and melting temperatures
of the PCM, the study of the effect of the PCM encapsulation material, and optimization
approaches to find the optimal ratio between sensible and latent heat storage materials
in the redesigned TES. Finally, experimental tests should be carried out to validate the
numerical results presented in this work.
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