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Abstract: In this study, a thermal energy storage tank filled with commercial phase change material
flat slabs is investigated. The tank provides heat at around 15 ◦C to the evaporator of a seasonal ther-
mal energy storage system developed under the EU-funded project SWS-Heating. A 2D numerical
model of the phase changed material storage tank based on the finite control volume approach was
developed and validated with experimental data. Based on the validated model, an optimization was
performed to identify the number, type and configuration of slabs. The final goal of the phase change
material tank model is to be implemented into the whole generic heating system model. A trade-off
between results’ accuracy and computational time of the phase change material model is needed.
Therefore, a comparison between a 2D implicit and 2D explicit scheme of the model was performed.
The results showed that using an explicit scheme instead of an implicit scheme with a reasonable
number of nodes (15 to 25) in the heat transfer fluid direction allowed a considerable decrease in the
computational time (7 times for the best case) with only a slight reduction in the accuracy in terms on
mean average percentage error (0.44%).

Keywords: phase change material; numerical model; design variables optimization; latent heat
thermal energy storage; 2D implicit vs. 2D explicit model comparison

1. Introduction

Thermal energy storage (TES) allows the supply of thermal demand to be independent
of the heat source, especially when the heat source is discontinuous, such as solar energy.
Among all the TES alternatives, latent heat TES with the use of phase change materials
(PCM) stands out for its high energy density and ability to provide heat at a nearly con-
stant temperature during the phase change. PCM storage units were analyzed for very
different applications, such as buildings [1,2], process heat [3], concentrated solar power
(CSP) plants [4] or solar cooling [5]. The shape of the encapsulated PCM and the melting
temperature of the PCM are essential variables in the design of the systems. Focusing only
on HVAC applications (heating, ventilation, air conditioning), the use of flat slabs with
rectangular shapes was frequently investigated in the literature, due to its simplicity of
operation and its commercialization.

The use of PCM as storage material is usually complicated due to certain limitations,
such as low thermal conductivity, subcooling, phase segregation, non-uniform distribution
of the PCM inside the slabs or capsules, or the non-uniform composition of the PCM.
Although some of these effects are very difficult to be considered in a theoretical model, a
numerical simulation model can be very useful to analyze its performance before designing
or experimentally testing a PCM storage unit, especially when it is coupled to another
system. Several authors presented numerical models where rectangular flat slabs were
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analyzed. Zsembinszki et al. [6] presented the numerical model evaluation of a PCM cold
storage tank and an uncertainty analysis of its main parameters. They assessed the effect of
the time-step, number of nodes, and variables approximations in the results uncertainty and
computational time. The model was based on the finite differences method, solved using an
implicit scheme, and considering two dimensions for the PCM nodes and one dimension for
the heat transfer fluid (HTF) and wall nodes. They identified the following input variables
that had more influence on the deviation of the results: HTF inlet temperature profile and
some PCM properties, such as melting temperature, density, and specific heat capacity.

Moreover, d’Avignon and Kummert [7] modeled and validated a horizontal storage
tank with commercial macro-encapsulated PCM. The model was implemented as a com-
ponent in TRNSYS to be integrated into the whole building simulation model. The 1D
model was based on the control-volume method and semi-implicit temporal discretization.
Different flow rates and inlet temperatures were tested for the validation of the model. The
comparison between numerical and experimental results indicated that the model was
suitable for the application, presenting a root mean square error in the outlet temperature
for the different case studies within a range from 2 to 3.5%.

The calculation of the convective heat transfer coefficient between the PCM and
the HTF is usually performed based on the assumption of constant wall temperature,
because the PCM in contact with the HTF is normally at a relatively constant temperature.
Nevertheless, Halawa et al. [8] presented the analysis of a PCM thermal storage unit
with varying wall temperature along the direction of air flow. The TES consisted of
several layers of thin slabs of PCM, with air passing between the slabs. To model the phase
change, the authors used a rapid implicit solution technique using the enthalpy formulation
presented by Voller [9]. de Gracia et al. [2] studied numerically the thermal performance
of a ventilated facade with macro-encapsulated PCM. The numerical model solved the
energy equation using a fully implicit finite control volume method in 2D. The results
of the numerical model presented a good agreement with the experimental data with an
average relative error between 0.84 to 3.75%. Furthermore, the authors calculated the
heat transfer coefficient between the air flow and the PCM slabs using a novel correlation
presented by de Gracia et al. [10]. Simar and Lacroix [11] studied the thermal behavior
of a latent heat cold storage unit with rectangular parallel plates filled with PCM, but in
this case for the refrigeration compartment of a truck. A mathematical model using a fully
implicit finite difference solution method was presented and validated with numerical and
experimental data. The model was used to study the impact of design parameters and
operating conditions on the system performance.

In contrast with most of the studies which used the enthalpy or equivalent heat
capacity method to simulate the phase change process, Halawa et al. [12] presented the
phase change processor (PCP) algorithm that solves the liquid fraction and the temperature
nodes. This algorithm was applied by Liu et al. [13], who presented the validation of a 1D
numerical model of an encapsulated PCM flat slab for a cooling application using the PCP.
The numerical results of the study showed good agreement with the experimental ones.

The majority of the reviewed studies used an implicit scheme to solve the complex
equation system that describes the behavior of a PCM storage tank. However, the heat
transfer equations can also be solved using an explicit scheme. The explicit scheme is
conditionally steady [14]: its time step must be below a certain value to reach convergence,
but its computational time is smaller compared to the one required in the implicit method,
as iterations are not required to find the solution of each time step. On the other hand,
the implicit method is unconditionally steady [14], but computationally more demanding.
Some authors have previously compared the accuracy and computational efficiency of both
implicit and explicit methods to solve the energy balance equations of TES. For instance,
Newton [15] analyzed the accuracy and relative speed of four different calculation methods
of a water tank model using TRNSYS. The goal of that study was to identify which method
was more suitable to be implemented in TRNSYS. Crank-Nicholson (implicit method),
Forward Euler (explicit method), an analytical solution and an internal solution technique
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of TRNSYS were compared. Crank-Nicholson was the method selected by the author
because it is unconditionally stable and allowed the model to use larger time steps than
other methods (Euler method). Moreover, it provided accurate results with the fewest
number of iterations. Jutang et al. [16] compared four methods (explicit Euler method,
implicit Euler method, implicit midpoint rule and Runge Kutta Fourth-order) with the exact
solution to solve the equations of a water tank model. Focusing on the comparison between
the explicit and the implicit Euler method, the implicit Euler method provided higher
accuracy. Moreover, when the time step of the explicit Euler was too high, the solution
became unstable. That means that the explicit method requires a small time-step [17].

In the previously reviewed literature, several authors validated numerical models of
PCM storage units [2,7,13] and studied the impact of geometry (thickness of PCM, thickness
of gap, etc.) and/or operational parameters (mass flow, inlet temperature, etc.) [6,11] on the
results’ accuracy. Furthermore, some authors compared different mathematical methods
to solve the energy balance equations of TES models. However, to the best knowledge of
authors, no studies have compared the uncertainties between an implicit and explicit model
of a PCM storage unit and the trade-off between results accuracy and computational time.
Especially when the optimization of a whole heating system or its control is performed, it
is essential to identify the numerical model that minimizes the computational time while
keeping good results accuracy.

In this paper, some design variables (type of slab, number of PCM slabs and their
configuration) of a PCM storage unit that supplies heat to the evaporator of a seasonal
TES system, based on selective water sorbent material, were optimized. For this purpose,
a 2D implicit numerical model was developed and validated against experimental data
of a charging process. Furthermore, to implement the PCM storage unit model into the
simulation of the whole heating system, the best compromise between accuracy and
computational time is needed. Therefore, an uncertainty analysis comparison between a
2D implicit and 2D explicit model was carried out.

2. Materials and Methods
2.1. Numerical Model (2D)

A numerical model was developed to simulate the charge and discharge process of the
PCM storage unit. The modeled PCM storage unit (see Figure 1) consists of a rectangular
tank filled with water and horizontal PCM slabs stacked one above another with a gap
between them to allow the HTF flow through the tank. At both the inlet and outlet of the
tank, there is a column of water, in which a diffuser is arranged to distribute the flow of
water through the entire tank. The numerical model allowed to simulate the heat transfer
in the PCM slabs, in the HTF flowing inside the channels between slabs, and in the two
columns of water. The numerical model of the PCM tank was developed in Python [18].
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Figure 1. Scheme of the simulated PCM tank.
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The following assumptions were made:

• The density and thermal conductivity of the PCM were considered constant in each of
the phases and also during the phase change.

• The phase change was taken into account through an equivalent specific heat capac-
ity [19]. During the phase change, the temperature dependence on the PCM specific
heat capacity had a trapezium shape centred on the melting temperature of the PCM
with an upper base of the trapezium of 1 ◦C. It was an analogous methodology to the
one presented by Farid [20], who used a triangle shape distribution, which was found
to be successful for modelling heat transfer in PCM.

• The PCM was considered homogeneous and isotropic.
• All the PCM was initially at the same temperature. The initial temperature of the HTF

inside the tank and of the plastic container has been also set to the same temperature.
• Thermal losses to the environment were not considered.
• All the slabs had symmetrical thermal behaviour with respect to the horizontal plane

that crosses their centre.
• The mass flow was divided evenly between each HTF channel.
• Natural convection was neglected inside the liquid phase of the PCM due to the thin,

flat nature of the slabs and their horizontal layout [21].
• Constant Cp of the HTF was considered since according to Zsembinszki et al. [6]

the density and specific heat of the HTF could be considered constant to reduce the
computational time as they have less importance in the mean absolute percentage
error (MAPE).

The convective heat transfer coefficient hHTF between the HTF and the PCM slab
was calculated using the correlation for the average Nusselt number presented by Kakac
et al. [22] for laminar flow in a rectangular duct, given the Reynolds number and the Prandtl
number at the HTF bulk temperature, the ratio of the tube length to hydraulic diameter
and the ratio of the thickness of the duct to its width. The correlation can be solved for a
constant temperature wall or for a constant heat flux. For this study, the correlation for a
constant temperature wall was considered, since as Zsembinszki et al. [6] pointed out, that
condition is more suitable when a phase change occurs. At every time-step, an average
convective heat transfer coefficient hHTF based on the assumed bulk HTF properties was
used. Avoiding the calculation of a different hHTF for each node results in a reduction of
the computational time with very little effect on the results [6].

Considering these assumptions, a fully implicit finite control volume method in the
two-dimensional Cartesian coordinates system [23] was used for solving the energy balance
equations. The iterative method Gauss-Seidel was used to solve the set of equations. As
it can be seen in Figure 2, a two-dimensional heat transfer in the x and y direction (Qx
and Qy) was considered inside of each PCM node (TPCM(x,y)) and each container wall
node (Tw(x,y)), and one-dimensional heat transfer was considered for the HTF (THTF(x)).
Assuming symmetry, half of the water channel and half of the PCM slab were simulated.
Heat transfer in the PCM and container wall is governed by the heat conduction equation:

∂H
∂x2 = k

∂2T
∂x2 + k

∂2T
∂y2 (1)

Heat transfer during the circulation of HTF through the channels is governed by the
following equation:

∂H
∂t

+ vx
∂H
∂x

= k
∂2T
∂x2 + k

∂2T
∂y2 (2)

The set of governing Equations (1) and (2) is completed by the following initial and
boundary conditions (Figure 2):

t = 0 T = T0 (3)

x = 0
∂T
∂x

= 0 (4)
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x = L1
∂T
∂x

= 0 for the PCM and container wall (5)

x = L2
∂T
∂x

= 0 for the PCM and container wall (6)

x = L3
∂T
∂x

= 0 (7)

y = 0
∂T
∂t

= 0 due to symmetry (8)

y = C − kwall
∂T
∂y

= hHTF

(
Twall − THTF)

)
(9)

y = C + W + P
∂T
∂t

= 0 due to the symmetry (10)
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Finally, to calculate the instantaneous heat transfer rate (HTR) during the charging
process of the whole PCM tank, the power released by the HTF was used (Equation (11)),
understood as a temperature gradient between inlet and outlet temperature of the HTF. It
is important to highlight that this HTR was not just the latent energy stored by the PCM
slabs, but also the sensible energy stored by the PCM and the HTF:

.
Q =

.
mtank Cp,HTF (Tin,HTF − Tout,HTF) (11)

2.2. Experimental Set-Up

The experimental set-up used to validate the numerical model was located in the
laboratory of GREiA research group at the University of Lleida (Spain). The main compo-
nent of the set-up consisted of a rectangular tank (Figure 3a), as explained in the previous
section, filled with water and 10 horizontal PCM slabs stacked one above another with a
gap of 10 mm between them to allow the HTF flow through the tank. The slabs used for
the experiments were commercial Flat-ICE slabs (Figure 3b) provided by PCM Products
Ltd. containing PlusICE 15 [24] as PCM, which is a hydrated salt. Each Flat-ICE slab had
dimensions of 0.5 m × 0.25 m × 0.035 m. The container of the PCM slabs was rigid and
made of HDPE 2.5 mm thick. The dimensions L1, L2 and L3 (see Figure 1) of the tank
are respectively 0.06 m, 0.56 m and 0.062 m. Pure water was used as HTF. The desired
inlet temperature of the HTF was obtained by a compression cooling unit (Zanotti model
GCU2030ED01B) of 5 kW of maximum cooling power, and a thermal bath with two im-
mersed thermostats (OVAN TH100E and JP SELECTA) of 3 kW of total thermal power.
Nine calibrated Pt-100 class B temperatures sensors with accuracy ±0.3 ◦C were attached
to the outer part of three PCM slabs at different levels: 3 at the top, 3 at the middle and 3 at
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the bottom (see Figure 4) to analyze the PCM phase change process and estimate when the
phase change is occurring. Moreover, to measure the power delivered by the HTF, a flow
meter and two temperature sensors were placed at the inlet and outlet of the HTF circuit.
A data acquisition system was used to collect all monitored variables at 10 s time interval.
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The physical properties of the PCM and plastic container are shown in Tables 1 and 2,
respectively. For this case study, a temperature range of four degrees Celsius (lower base of
trapezium) during the phase change was considered. The value of latent heat presented
in Table 1 was obtained as the average value of the latent temperature range (±2 ◦C from
the melting temperature) given by the manufacturer. The same methodology was used
for the calculation of the solid and liquid specific heat capacity average values in their
corresponding temperature range (solid and liquid sensible range). The experiment used
to validate the model consisted of a charging process at a total mass flow rate of 240 kg/h
at an HTF inlet temperature around 25 ◦C. To perform the charging process, HTF was
circulated through the PCM tank until the average temperature of all the sensors inside
the tank reached a temperature of 24 ◦C. The temperature of the entire PCM tank at the
beginning of the charging experiment was 5 ◦C.
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Table 1. Thermophysical properties of PlusICE S15 for the melting process [24].

Properties Value

PCM melting temperature 15 ◦C
Latent heat (average value in the latent temperature range from DSC values 1) 71.5 kJ/kg
Solid specific heat capacity in the analysed range (average value in the solid

sensible temperature range from DSC values 1) 1.15 kJ/kg·K

Liquid specific heat capacity in the analysed range (average value in the liquid
sensible temperature range from DSC values 1) 4.5 kJ/kg·K

Density 1 1750 kg/m3

Thermal conductivity 0.43 W/m·K
Maximum operation temperature 60 ◦C

1 Given by the manufacturer.

Table 2. Thermophysical properties of plastic container of the PCM slab [24].

Properties Value

Specific heat capacity 1.90 kJ/kg·K
Density 940 kg/m3

Thermal conductivity 0.48 W/m·K

2.3. Model Validation

The accuracy of the numerical model and its validation was evaluated with exper-
imental data of a charging process of the PCM tank, presented in Section 2.2. Since the
initial temperature in the tank was 5 ◦C and the experiment was stopped when the average
temperature of all PCM slabs temperature sensors reached 24 ◦C, a temperature gradient
of 20 ◦C between initial and final PCM state was analyzed.

Since the experimental data were collected every 10 s, this time step was also consid-
ered for the computational simulation. Moreover, for the validation of the numerical model,
the following assumptions were considered: 25 nodes in the HTF direction, 4 nodes in the
plastic wall, and 9 nodes in the PCM slab. Both the number of nodes and the time-step
showed grid independence.

To assess the uncertainty of the measurements used to validate the model, a sensitivity
analysis of the inlet and outlet temperature and heat transfer rate was performed. The
uncertainty of the measured temperatures was calculated using the Equation (12). The
uncertainty of the heat transfer rate was calculated applying the Equation (13) [25] to the
density and specific heat. The uncertainty of the HTF thermophysical properties and heat
transfer rate was estimated at each registered time step, and then the mean value was
computed. The uncertainty values obtained were: ±0.201 ◦C for the inlet temperature,
±0.199 ◦C for the outlet temperature and ±0.054 kW for the heat transfer rate.

wT = ±0.15 + 0.002·T (12)

WR =

[(
∂R
∂a1

·wx1

)2
+

(
∂R
∂a2

·wx2

)2
+ . . . +

(
∂R
∂an

·wxn

)2
]1/2

(13)

Figure 5 presents the outlet temperature and HTR of the HTF (Equation (11)), respec-
tively, for both experimental and numerical results. As shown in the figures, there is a good
match between experimental and simulated profiles for both the HTF outlet temperature
and HTR. In the early period of melting, the model predicted slightly higher values of HTF
than those obtained from the experiment. The temperature of PCM slabs and HTF were
initially at around 5 ◦C. However, the vertical column of HTF at the outlet of the tank could
still have some nodes at a slightly higher temperature (just 3 sensors were placed in the
vertical column of water). This may be the reason for that disagreement. On the other hand,
at the end of the experiment, the model predicted lower values of heat transfer rate. This is
probably because at that stage, the PCM temperatures were above ambient temperature,
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and the PCM tank was absorbing a small amount of energy from the ambient. Neglecting
the early period of the charging process, when the error was considerably higher, the error
between the numerical model results and the experimental values was ±1%.
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rate and (b) outlet temperature.

The application of this PCM tank is providing heat to the evaporator of a seasonal
sorption TES, which is part of a novel complex generic heating system that provides space
heating and domestic hot water for residential applications. The mathematical model
will be used to analyze the performance of the whole system and optimize its control.
Hence, the numerical model presented in this study is considered enough accurate for
this purpose.

2.4. Design Optimization of the System for Real-Scale Application

A 2D implicit numerical model of a PCM tank was developed and validated to be
used to design the optimal configuration of the PCM tank for the particular application of
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the generic heating system of the EU-funded project SWS-Heating (GA 764025). During its
operation, the PCM tank is first charged by a solar thermal field to store heat at low-grade
temperature (around 15 ◦C). Afterwards, the PCM tank provides the required heat to the
evaporator of the seasonal sorption tank during its discharge (Figure 6). Therefore, the
PCM tank must be able to provide the heat power required by the evaporator.
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To obtain the optimal configuration of the theoretical PCM tank, the number of slabs
per column and number of columns in series (meaning that the total length of the TES
would be the slab length multiplied by the number of columns in series) were optimized
based on the discharging process of the PCM tank. Moreover, two different types of PCM
slabs containing the same PCM but with two different thickness were analyzed in the
optimization: the Flat-ICE slab [24], which was already used in the experimental study,
and the Thin-ICE slab [24]. The physical properties of the PCM slabs and the parameters
used in the optimization are presented in Table 3.

Table 3. Physical properties of PCM slabs and parameters used in the optimization.

Parameter Flat-ICE Thin-ICE

Length (mm) 500 500
Width (mm) 250 250

Thickness (mm) 35 17
Gap between slabs (mm) 10 16

Slab mass (kg) 7.1 3.6
Nº of slabs in optimization 10 to 40 20 to 75
Nº of columns in series in

optimization 1 to 3 1 to 3

The validity of the optimal configuration of the PCM tank was analyzed in terms
of the mean absolute percentage error (MAPE), which provides information about the
relative error. In our case, the interest lies in the evaluation of the MAPE based on the
delivered heat power of the tank (Qsim) with respect to the desired delivered heat power to
the evaporator Qre f (see Equation (14)).

The optimization of the parameters was carried out using the library Hyperopt [26],
which uses different stochastic search algorithms to find the best scalar value into a space.
In this study, the Tree-structured Parzen Estimators (TPE) algorithm [27,28] was chosen.
For the hyperparametric optimization, a maximum of 180 iterations were set, which means
that on each iteration a new combination of the number of slabs and number of columns in
series was studied. Within the TPE algorithm, a sample of 1000 candidates was set, and
the first 20 iterations were considered randomly. Gamma value of 20% was used, which
means that 20% of the best observations are used to estimate the next set of parameters. To
perform the optimization, the objective function to minimize and the space over which to
search must be defined. The objective function consisted of minimizing the mean absolute
percentage error (MAPE) based on HTR.
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Due to the high price of PCM and the requirements of the system, a maximum PCM
mass between 180 and 220 kg was considered. To study all the possible combinations
in the optimization space that fits the mass restriction, the range values for the number
of slabs per column and number of columns in series were selected (shown in Table 3).
The combinations that did not fulfill the mass restriction were discarded by the optimiza-
tion algorithm.

MAPE =
1
n

n

∑
t=1

(
Qt

sim − Qt
re f

Qt
re f

)
·100 (14)

The evaporator of the sorption tank allows inlet HTF coming from the PCM tank
at a temperature range between 5 and 15 ◦C, at a mass flow rate of 600 kg/h. For the
optimization of the PCM tank design, the HTF inlet temperature to the PCM tank (equal
to the HTF outlet temperature from the evaporator) was set at 9 ◦C. The nominal heat
power required by the evaporator (Qt

re f ) used in the calculation of the objective function
(Equation (14)) was 2.1 kW. However, this heat power demand can vary between 1 and
3 kW during the operation of the seasonal sorption tank, because its value depends on
the inlet HTF coming from the PCM tank to the evaporators and on the HTF temperature
coming from the water tank of the system (Figure 6). Hence, to avoid optimization results
where MAPE was minimized, but the operation power was out of the desired range from 1
to 3 kW, an additional constrain in the optimization was considered: at least half of the time
of the discharging process, the HTR must be between ±1 kW with respect to the average
desired HTR.

Furthermore, to speed up the optimization time, a constant Nusselt number to calcu-
late the convective heat transfer coefficient was used. The constant Nusselt value (7.54)
provided by Çengel [29] for a fully developed laminar flow in tubes with a rectangular
section with an infinite value of the ratio width/thickness (valid for both Flat-ICE and
Thin-ICE) was used. This constant value presented a slight difference (error of 2.5% with
respect to the Flat-ICE) compared to the correlation presented by Kakac et al. [22] calculated
at every time-step.

2.5. Comparison between 2D Implicit and 2D Explicit Model

The computational time of the simulation of the discharge process of the PCM tank
using the 2D implicit model with a 10 s time-step lasts more than 300 s due to the high
number of nodes and iterative nature of the implicit approach.

In future studies, the implementation of smart control policies to optimize the control
of the SWS-Heating system will be analyzed. If smart control algorithms are based on
reinforcement learning, a learning process of the controller is required. The learning process
is an iterative process whose duration depends on several factors, such as the computational
time of the system simulation (in this case the whole heating system), the control time slot
(i.e., 10 or 15 min) or the duration of every test (i.e., 12 days or 1 whole year). During the
learning process, thousands of simulations are frequently required to identify the optimal
control. To reduce the computational time during the control optimization of an energy
system, different solutions were presented in the literature. For instance, Romani et al. [30]
used an explicit model, and de Gracia et al. [31] increased the control time slot from 10 to
15 min to reduce the computational effort.

The simulation time reduction of every element of the whole system is essential to
minimize the learning process of its smart controller. For this reason, the computational
effort of the whole simulation, and therefore of the PCM tank, in each time-step, must
be reduced to the maximum extent, while keeping a considerable accuracy in the model
results. In this section, with the goal to identify the trade-off between reliable model and
low computational time, a 2D explicit model was developed and compared against the 2D
implicit model validated in Section 2.3. The results were analyzed in terms of MAPE (%),
computational time of the simulation, and the percentage value obtained by multiplying
the computational time by the MAPE ((Time × MAPE)/100). The different number of
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nodes in the x-axis (NX), wall nodes and PCM nodes were also analyzed. The 2D explicit
model was based on the same equations presented in Section 2.3, but solved in an explicit
scheme. For this reason, a low simulation time-step must be used to allow the convergence
of the model. For the convergence of the 2D explicit model, a maximum time-step of 1 s
was considered.

The simulations were done using a computer with an 8 GB RAM and an AMD FX(tm)-
6100 Six-Core Processor 3.30 GHz.

3. Results and Discussion
3.1. Optimization of Design Variables of the PCM Tank

During the first period of the discharge process, due to the thermal inertia of the HTF
column at the entrance and exit of the tank, there is a high temperature gradient between
the inlet and the outlet temperature of the HTF. Hence, the heat transfer rate during the
first minutes of the discharge is very high compared to the rest of the process. For this
reason, the first 15 min of the discharge process were neglected for the calculation of the
objective function, MAPE.

Two optimizations processes were launched, one for the Flat-ICE and one for the
Thin-ICE. The minimization of the objective function was obtained for a tank composed of
33 slabs of Flat-ICE (MAPE = 31.26% with respect to 2.1 kW). The optimization for a PCM
storage tank composed of Thin-ICE slabs could not find any value, which minimized the
MAPE and fulfilled the two proposed constraints (range of heat power and mass limitation).
For comparison with the optimized Flat-ICE configuration, a second optimization for the
Thin-ICE slabs was launched. This time, the heat power constraint was neglected to let the
optimization provide an optimum result. The optimal configuration (MAPE = 39%) was
found for two columns of PCM slabs in series with 30 Thin-ICE slabs inside each tank. The
optimized configurations for both types of slabs are shown in Figure 7.
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Figure 7. Scheme of the optimized configurations for (a) Flat-ICE and (b) ThinICE slabs.

Figure 8 presents the results of the optimal PCM tank configuration, which corre-
sponds to the Flat-ICE and its comparison with the Thin-ICE. Since Thin-ICE has a thinner
thickness and less mass per slabs compared with the Flat-ICE, which means that for the
same tank mass, there is more heat transfer area between the PCM and the HTF, the Thin-
ICE is able to release the heat at higher power with the same amount of PCM. Nevertheless,
for the studied application, where heat power is required between 1 and 3 kW, the Flat-ICE
fulfilled better the requirements. The energy stored in the Flat-ICE slabs was released at a
lower heat power for a longer time compared to the Thin-ICE.
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3.2. Comparison of Implicit and Explicit 2D Schemes during Discharge

To compare the 2D implicit and 2D explicit schemes in the developed numerical
model, the discharge process of the optimized PCM storage unit composed of 33 Flat-ICE
slabs was used. The implicit PCM model with 25 nodes in the x-axis (Nx), four nodes of
wall (N_wall) and nine nodes of PCM (N_PCM) with a time-step of 10 s was considered as
reference (the same parameters as the validated model). To demonstrate the time-step grid
independence of the model, the results for the same number of nodes with a time-step of
1 s were calculated, obtaining a MAPE of 0.3% with respect to the reference. The results of
both implicit and explicit schemes can be seen in Table 4.

Table 4. Results for the studied model parameters of implicit and explicit model.

Parameter Implicit Model Explicit Model

Time-step (sec) 10 1 10 10 10 10 1 1 1 1 1 1
Nx (x-axis) 25 25 25 15 15 5 5 25 25 15 15 5

N_wall (y-axis) 4 4 3 4 3 3 3 4 3 4 3 3
N_PCM (y-axis) 9 9 7 9 7 7 7 9 7 9 7 7

MAPE(%) Ref 0.30 0.08 1.45 1.37 9.47 9.15 0.38 0.44 1.07 1.00 9.09
Computing time (sec) 427.7 1171.4 237.1 206.6 97.0 32.7 137.7 43.7 33.64 25.9 22.3 6.9
(TIMExMAPE)/100 Ref 3.61 0.19 2.99 1.33 3.10 12.56 0.16 0.15 0.27 0.22 0.62

Time percentage in the
range 1–3 kW (%) 56.8 56.8 56.6 56.9 56.8 57.4 57.4 56.9 56.7 57 56.8 57.4

With respect to the implicit scheme, the iterative process between PCM nodes, es-
pecially during the phase change, requires high computational time. Therefore, if the
number of Nx nodes was kept constant at 25, but the number of nodes in the y-axis
(N_PCM and N_wall) was slightly reduced from nine to seven and from four to three
respectively, the computational time is reduced to almost half while maintaining a high
accuracy (MAPE = 0.08%). In the same way, reducing from 25 to 15 (40%) the number of
nodes in the x-axis (Nx) allowed decreasing the computational time to less than half with
a MAPE of around 1.5%. If the number of nodes in both x-axis and y-axis was reduced
(NX = 15, N_wall = 3, N_PCM = 7), the accuracy of the results stayed below 1.4% with
much lower computational times (less than 4 times the reference time). Nevertheless, if
we further reduced the NX nodes to 5, the results present low accuracy with respect to the
reference (MAPE around 9.5%).

The advantage of the explicit scheme was the considerable reduction in computation
times due to the lack of iterations in its scheme of resolution. For example, the explicit
model with 5 NX nodes and a time-step of 1 s followed the same pattern with respect to
MAPE than its implicit counterpart, but with much less computational time compared
with the implicit model (6.9 s vs. 137.7 s). In the same way, the parameter combination
of NX = 25, N_wall = 4, N_PCM = 9 was run with the explicit model with 1 s time-step
reduced with respect to the reference (10 s time-step) from 427.7 to 43.7 s, with a slight
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difference of results accuracy (MAPE = 0.38%). If additionally, the number of nodes in the
computationally demanding y-axis is reduced (N_wall = 3, N_PCM = 7), the computational
time decreased even more (33.6 s) with still a high results accuracy (MAPE = 0.44%).

Since the goal of the analysis was to identify a model which provides the best trade-off
between low computational time and results accuracy, the value (TIME × MAPE)/100%
was analyzed. Based on this parameter, the best trade-off was obtained with the explicit
scheme with the combination NX = 25, N_wall = 3, N_PCM = 7, for which (TIME × MAPE)/
100% = 0.15. The ideal power range required by the evaporator of the sorption TES is
between 1 and 3 kW. The reference model stayed 56.8% of the discharge time in this
range, while the model with the combination NX = 25, N_wall = 3, N_PCM = 7 stays
56.7% of the time. These results supported the decision to use the explicit scheme. If
a faster model is required, the explicit model with the parameter combination N = 15,
N_wall = 3, N_PCM = 7 can be used, which decreases the computational time around 30%
with reasonable accuracy of the model (MAPE of 1%).

4. Conclusions

In this paper, a two-dimensional numerical model of a storage unit using encapsulated flat
PCM slabs was developed and validated against experimental data. The finite control volume
approach was used to solve the energy balance equations to calculate the HTR from the PCM to
the HTF and the HTF outlet temperature during the charging and discharging processes. The
presented model can be used to analyze the thermal performance of PCM storage units with
flat slabs, since it showed good accuracy (error of ±1% in the range of interest).

The PCM tank presented in this study was intended to provide heat to the evaporator
of a seasonal sorption TES system based on selective water-sorbent materials. To obtain
optimal design variables of the PCM tank that provided the desired heat powers required
by the evaporator, an optimization based on the validated model of the number of slabs and
their configuration into the PCM tank was performed. Two different slabs (Flat-ICE and
Thin-ICE) with two different thickness (3.5 mm and 1.7 mm, respectively) were analysed.
The objective function of the optimization consisted in minimizing the MAPE of the HTR
during the discharging process of the tank. The optimal configuration was obtained for 33
slabs of the Flat-ICE. Due to the greater thickness of the Flat-ICE compared to the Thin-ICE,
it has less heat transfer surface per kg of mass, and therefore the desired thermal power
between 1 and 3 kW can be provided for a longer period.

The PCM storage unit presented in this study is part of a complex heating system.
The performance analysis of the whole system and the optimization of its control will be
performed through computational simulations in a future study. Computationally heavy
system simulation models can cause too long computational times during the system
control optimization. Hence, in order to obtain a trade-off between computational times
and results accuracy of the PCM model, a comparison between the discharging process
using a 2D implicit and a 2D explicit scheme for a different number of nodes was carried
out. The results showed that it was not worth using an implicit scheme with a high number
of nodes (Nx = 25, N_wall = 4 and N_PCM = 9), since very accurate outcomes could be
obtained (MAPE = 0.38%) with the same number of nodes solved with an explicit scheme,
reducing the computational time from 428 s to 44 s even with a smaller time-step of 1 s.
Furthermore, to study the compromise between computational time and results accuracy,
the value (TIME × MAPE)/100% was analyzed. The minimum value among the cases
studied was also obtained for the explicit model with the nodes combination of Nx = 25,
N_wall = 3 and N_PCM = 7 and a time-step of 1 s. This means that reducing the number of
nodes in the y-axis to a minimum of N_wall = 3 and N_PCM = 7, while keeping a high
number of nodes in the x-axis, was beneficial in terms of computational effort (33 s) and
results accuracy (MAPE of 0.44%).

To sum up, the integration of the PCM tank model into the whole heating system using
an explicit scheme will reduce the computational time (from 237 to 34 sec for the best case) to
allow faster control optimization while keeping good results accuracy (MAPE of 0.44%).
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Nomenclature

Symbols
h heat transfer coefficient, W/m2K
Cp specific heat, kJ/kgK
.

m mass flow rate, kg/h
H total volumetric enthalpy, W/m2K
k thermal conductivity, W/mK
L distance, m
T temperature, K
Q heat transfer rate, kW
N number of nodes
n number of time-steps of simulation
t time
R function which depend on measured parameters
w uncertainties associated to independent parameters
W estimated uncertainty in final result, value-dependent
a independent measured parameters
Subscript
HTF heat transfer fluid
X x-axis
Y y-axis
in inlet
out outlet
wall container wall
0 initial
tank storage unit
sim simulated
ref reference
t time-step under study



Energies 2021, 14, 2605 15 of 15

References
1. Pirasaci, T. Investigation of phase state and heat storage form of the phase change material (PCM) layer integrated into the

exterior walls of the residential-apartment during heating season. Energy 2020, 207, 118176. [CrossRef]
2. De Gracia, A.; Navarro, L.; Castell, A.; Cabeza, L.F. Numerical study on the thermal performance of a ventilated facade with

PCM. Appl. Therm. Eng. 2013, 61, 371–380. [CrossRef]
3. Royo, P.; Acevedo, L.; Ferreira, V.J.; García-armingol, T.; Ana, M.L. High-temperature PCM-based thermal energy storage for

industrial furnaces installed in energy-intensive industries. Energy 2019, 173, 1030–1040. [CrossRef]
4. Prieto, C.; Cabeza, L.F. Thermal energy storage (TES) with phase change materials (PCM) in solar power plants (CSP). Concept

and plant performance. Appl. Energy 2019, 254, 113646. [CrossRef]
5. Gil, A.; Oro, E.; Miró, L.; Peiro, G.; Ruiz, Á.; Salmeron, J.M.; Cabeza, L.F. Experimental analysis of hydroquinone used as phase

change material (PCM) to be applied in solar cooling refrigeration. Int. J. Refrig. 2014, 39, 95–103. [CrossRef]
6. Zsembinszki, G.; Moreno, P.; Solé, C.; Castell, A.; Cabeza, L.F. Numerical model evaluation of a PCM cold storage tank and

uncertainty analysis of the parameters. Appl. Therm. Eng. 2014, 67, 16–23. [CrossRef]
7. D’Avignon, K.; Kummert, M. Modeling horizontal storage tanks with encapsulated phase change materials for building

performance simulation. Sci. Technol. Built Environ. 2018, 24, 327–342. [CrossRef]
8. Halawa, E.; Bruno, F.; Saman, W. Numerical analysis of a PCM thermal storage system with varying wall temperature. Energy

Convers. Manag. 2005, 46, 2592–2604. [CrossRef]
9. Voller, V. Fast implicit finite difference method for the analysis of phase change problems. Numer. Heat Transf. Part B Fundam.

1990, 155–169. [CrossRef]
10. De Gracia, A.; David, D.; Castell, A.; Cabeza, L.F.; Virgone, J. A correlation of the convective heat transfer coef fi cient between an

air fl ow and a phase change material plate. Appl. Therm. Eng. 2013, 51, 1245–1254. [CrossRef]
11. Simard, A.P.; Lacroix, M. Study of the thermal behavior of a latent heat cold storage unit operating under frosting conditions.

Energy Convers. Manag. 2003, 44, 1605–1624. [CrossRef]
12. Halawa, E.; Saman, W.; Bruno, F. A phase change processor method for solving a one-dimensional phase change problem with

convection boundary. Renew. Energy 2010, 35, 1688–1695. [CrossRef]
13. Liu, M.; Saman, W.; Bruno, F. Validation of a mathematical model for encapsulated phase change material flat slabs for cooling

applications. Appl. Therm. Eng. 2011, 31, 2340–2347. [CrossRef]
14. Bony, J.; Citherlet, S. Numerical model and experimental validation of heat storage with phase change materials. Energy Build.

2007, 39, 1065–1072. [CrossRef]
15. Newton, B.J. Modelling of Solar Storage Tanks; University of Wisconsin-Madison: Madison, WI, USA, 1995.
16. Serawa, A.; Jutang, A.; Razali, N.; Othman, H.; Hishamuddin, H. Draining of Water Tank using Runge-Kutta Methods. Int. J.

Recent Technol. Eng. 2020, 8, 2277–3878. [CrossRef]
17. Lei, Z.; Hongzhou, J. Variable step euler method for real-time simulation. In Proceedings of the 2nd International Conference on

Computer Science and Network Technology, Changchun, China, 29–31 December 2012; pp. 2006–2010.
18. Van Rossum, G.; Drake, F.L., Jr. Python Tutorial; Centrum voor Wiskunde en Informatica: Amsterdam, The Netherlands, 1995.
19. Lamberg, P.; Lehtiniemi, R.; Henell, A.M. Numerical and experimental investigation of melting and freeizing processes in phase

change material storage. Int. J. Therm. Sci. 2004, 43, 277–287. [CrossRef]
20. Farid, M.M. A new approach in the calculation of heat transfer with phase change. In Proceedings of the 9th International

Congress on Energy and Environment, Miami Beach, FL, USA, 11–13 December 1989; pp. 1–19.
21. Zivkovic, B.; Fujii, I. An analysis of isothermal phase change of phase change material within rectangular and cylindrical

containers. Sol. Energy 2001, 70, 51–61. [CrossRef]
22. Kakaç, S.; Shah, R.K.; Aung, W. Handbook of Single-Phase Convective Heat Transfer; Wiley: Hoboken, NJ, USA, 1987; ISBN

0471817023/9780471817024.
23. Patankar, S. Numerical Heat Transfer; Hemisphere Publications: London, UK, 1980.
24. PCM Products. Available online: http://www.pcmproducts.net/ (accessed on 15 January 2019).
25. Holman, J. Experimental Methods for Engineers, 8th ed.; McGraw-Hill: New York, NY, USA, 2012; ISBN 0073529303.
26. Bergstra, J.; Yamins, D.; Cox, D.D. Making a science of model search: Hyperparameter optimization in hundreds of dimensions

for vision architectures. In Proceedings of the 30th International Conference on Machine Learning, ICML 2013, (PART 1), Atlanta,
GA, USA, 16–21 June 2013; pp. 115–123.

27. Shevchuk, Y. NeuPy—Neural Networks in Python. Available online: http://neupy.com/2016/12/17/hyperparameter_
optimization_for_neural_networks.html#tree-structured-parzen-estimators-tpe (accessed on 2 February 2021).

28. Bergstra, J.; Bardenet, R.; Bengio, Y.; Kégl, B. Algorithms for Hyper-Parameter Optimization. Adv. Neural Inf. Process. Syst.
24 2011.

29. Çengel, Y.A. Heat Transfer. A practical approach 2nd Edition—Annex—Table 8-1; McGrawHill: New York, NY, USA, 2002; ISBN 978-
0072458930.

30. Romaní, J.; Belusko, M.; Alemu, A.; Cabeza, L.F.; de Gracia, A.; Bruno, F. Control concepts of a radiant wall working as thermal
energy storage for peak load shifting of a heat pump coupled to a PV array. Renew. Energy 2018, 118, 489–501. [CrossRef]

31. de Gracia, A.; Barzin, R.; Fernández, C.; Farid, M.M.; Cabeza, L.F. Control strategies comparison of a ventilated facade with
PCM—energy savings, cost reduction and CO2 mitigation. Energy Build. 2016, 130, 821–828. [CrossRef]

http://doi.org/10.1016/j.energy.2020.118176
http://doi.org/10.1016/j.applthermaleng.2013.07.035
http://doi.org/10.1016/j.energy.2019.02.118
http://doi.org/10.1016/j.apenergy.2019.113646
http://doi.org/10.1016/j.ijrefrig.2013.05.013
http://doi.org/10.1016/j.applthermaleng.2014.02.055
http://doi.org/10.1080/23744731.2018.1438012
http://doi.org/10.1016/j.enconman.2004.11.003
http://doi.org/10.1080/10407799008961737
http://doi.org/10.1016/j.applthermaleng.2012.11.045
http://doi.org/10.1016/S0196-8904(02)00183-8
http://doi.org/10.1016/j.renene.2010.01.016
http://doi.org/10.1016/j.applthermaleng.2011.03.034
http://doi.org/10.1016/j.enbuild.2006.10.017
http://doi.org/10.35940/ijrte.E5843.018520
http://doi.org/10.1016/j.ijthermalsci.2003.07.001
http://doi.org/10.1016/S0038-092X(00)00112-2
http://www.pcmproducts.net/
http://neupy.com/2016/12/17/hyperparameter_optimization_for_neural_networks.html#tree-structured-parzen-estimators-tpe
http://neupy.com/2016/12/17/hyperparameter_optimization_for_neural_networks.html#tree-structured-parzen-estimators-tpe
http://doi.org/10.1016/j.renene.2017.11.036
http://doi.org/10.1016/j.enbuild.2016.09.007

	Introduction 
	Materials and Methods 
	Numerical Model (2D) 
	Experimental Set-Up 
	Model Validation 
	Design Optimization of the System for Real-Scale Application 
	Comparison between 2D Implicit and 2D Explicit Model 

	Results and Discussion 
	Optimization of Design Variables of the PCM Tank 
	Comparison of Implicit and Explicit 2D Schemes during Discharge 

	Conclusions 
	References

