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This paper presents a finite difference model of macroencapsulated PCM panels coupled with the genetic algo-
rithm for the determination of effective heat capacity of whole panels via inverse method. This provides an
accurate characterization of the thermal properties of macroencapsulated PCMs for building envelope applica-
tions. A novel definition of the effective heat capacity is proposed based on the superimposition of two Gaussian
curves, applicable to any PCM whose phase transition is characterized by a single peak. Three PCMs were tested,
subjected to temperature variation rates typically experienced in building envelopes: 0.5 °C/h and 1 °C/h.
Surface temperature and heat flux were measured and used in the inverse method procedure. The developed
model is accurate, as numerical results greatly agree with the experiments: the root mean square difference
between the experimental and numerical heat fluxes ranged between 0.543 and 1.246 W/m?2. Significant dif-
ferences in the effective heat capacity were found between the whole macrocapsule and small quantities of PCM
(specified in the datasheets). The effective heat capacity specified in the datasheets is sensibly greater than that
of the whole macrocapsules determined through the inverse method: the specific heat in the solid phase was up
to 107.39 % higher in the datasheet values, the specific heat in the liquid phase up to 184.04 %, and the peak
effective heat capacity, between 18.28 % and 164.11 %. The same happened to the enthalpy: datasheet values
were 61.24 % — 175.55 % greater than inverse method results. This proves that latent heat is overestimated if
small quantities of PCM are analyzed, and not the whole panels. The scale effect was assessed by comparing two
capsules with the same material, but with different quantities of PCM: 0.5 kg and 1 kg. A greater mass of PCM
over the total mass of the capsule implies a different relationship between the effective heat capacity and
temperature, with higher peak heat capacity. The capsule with 1 kg of PCM showed a peak effective heat capacity
up to 30.65 % greater than that of the panel with 0.5 kg of PCM. Thus, adequate modeling in building appli-
cations requires characterization of whole macroencapsulated PCMs. The determination of the relationship be-
tween temperature and effective heat capacity of macroencapsulated PCMs presented in this work could easily be
incorporated into other simulation software, facilitating the assessment of adaptive envelopes with PCM
macrocapsules.

of new insulation solutions, use of air cavities in walls to minimize
thermal transmittance or, more recently, the addition of phase change

1. Introduction

Great concern exists about climate change worldwide, with a strong
focus on research about the reduction of energy consumption of build-
ings, as they account for 34 % of final energy consumption and 37 % of
CO; emissions globally [1]. To minimize energy consumption in build-
ings, several actions are internationally investigated: reduction of the
effect of solar gains on envelopes using reflective coatings, development
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materials (PCMs) into building envelopes [2].

PCMs take advantage of the latent heat absorbed and released during
the phase change process at a certain temperature or temperature range.
The incorporation of PCMs into building envelopes is a latent heat
thermal energy storage technique that reduces energy demand, stabi-
lizes indoor temperature and increases thermal comfort [3]. These ma-
terials accumulate larger amounts of thermal energy per unit or mass or
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Nomenclature
a Height [m]
Cp Specific heat [J/kg-K]

Cpetf Effective heat capacity [J/kg-K]
Thickness [m]

Specific enthalpy [J/kg]
Thermal conductivity [W/m-K]
Mass [kg]

Number of cells

Number of time steps
Temperature [°C]

Time [s]

Width [m]

Vector of parameters that defines the effective heat
capacity

g THZzZ2Z8 50

Greek letters
o Heating/cooling rate [°C/h]

p Density [kg/m®]

@ Heat flux on the mortar layer surface [W/m?]

c Parameter for the width of the curve of effective heat
capacity [K?]

T Duration of experiment [s]

AC Parameter for maximum height of curve of effective heat
capacity [J/kgK]

At Data sampling period [s]

AX Thickness of the cells [m]

Subscript

L Liquid phase

lower Lower limit of the genetic algorithm search space

Mt Mortar layer

n Cell number index

new Current iteration

0 Surface of the mortar layer

old Previous iteration

opt Optimum solution found by the genetic algorithm
PCM Whole PCM panel

ref Reference for setting the zero enthalpy value

S Solid phase

swW Switching point between symmetric and asymmetric

Gaussian curves

upper Upper limit of the genetic algorithm search space
Superscript

exp Experimental value

/ Symmetric curve of effective heat capacity
h Asymmetric curve of effective heat capacity
M Melting

num Determined with the numerical model

S Solidification

t Current time step

t-1 Previous time step

Acronyms

DAT Datasheet values

DSC Differential scanning calorimetry

FDM Finite difference method

GA Genetic algorithm

v Inverse method results

OF Objective function

PCM Phase change material
RMSD  Root mean square difference
THM Temperature-history method

volume, compared to sensible heat storage [4]. However, not all PCMs
are adequate for this application. For building purposes, PCMs should
have high latent heat, high specific heat capacity, small volume changes,
non-corrosiveness, non-toxicity, non-flammability, little or no decom-
position or subcooling, and a reasonable price and availability on the
market [5].

Several factors affect the thermal response of PCMs incorporated in
building envelopes. The phase change temperature or temperature
range is a key factor. The International Energy Agency in the Annual
Report of 2022 indicated that the suitable phase change temperature
range for building applications is 18 — 30 °C to ensure thermal comfort
[6]. The incorporation method also affects the thermal performance of
PCMs in the building envelope. PCMs are incorporated either by being
integrated into construction materials (gypsum, cement, mortar, con-
crete or insulation) through direct incorporation, impregnation or
microencapsulation [7]; or as a layer of the wall as macroencapsulated
[8] or shape-stabilized [9] PCMs. Macroencapsulation stands as a
promising option, as it allows easy incorporation, avoids direct contact
between the PCMs and the construction materials, improves heat
transfer, prevents leakage and is convenient for transportation and
packaging [10]. It consists of containing the PCMs inside capsules whose
size is greater than 1 mm or 1 cm (threshold limits vary depending on
the source) that come in different shapes, sizes and materials [11]. One
of the preferred solutions for incorporation in the building envelope is
thin metallic panels in vertical disposition [12]. On top of this, it has also
been demonstrated that the position of the PCM elements in the enve-
lope is a key factor in energy consumption reduction [13].

Experimental studies illustrate the energy saving potential of PCMs
in building walls. However, experiments are time-consuming and

expensive. In addition, the wide variety of existing PCMs, possible
incorporation methods, wall design configurations, climatic conditions
and interior conditions create a gap of knowledge in the selection of the
most adequate PCM and wall typology [14]. Mathematical modeling
stands as an effective tool to tackle this complex optimization problem,
without performing experimental tests, reducing costs and time of study
[15].

The enthalpy method and the effective heat capacity method are two
well-known techniques for modeling phase change in building applica-
tions among others. They rely on establishing a relationship between
enthalpy and temperature or heat capacity and temperature, respec-
tively, for integrating the latent heat exchange. Several studies where
these models have been used can be found in [16]. In short, these
techniques do not explicitly track the phase change front, but the
interface condition is implicitly incorporated in the set of equations that
is being solved. To ensure that models predict the real behavior of PCMs
in building envelope applications, the thermophysical properties of
PCMs need to be defined [17]. Differential scanning calorimetry (DSC)
and temperature-history method (THM) are typically used to determine
the thermophysical properties of PCMs. There exist limitations to these
widely used methods. Typical weight of samples in DSC is in the range of
micrograms to milligrams. This leads to significant discrepancies when
properties determined though DSC are used for modelling systems with
a greater mass of PCM [18]. THM characterizes samples of up to 15 g
[19], this is, a thousand times bigger than those in DSC. Nonetheless,
this size still does not represent the behavior of macroencapsulated
PCMs in building applications, ranging from 200 g [20] to 7 kg [21]. On
top of that, heating and cooling rates in DSC affect the measured heat
flux and phase change temperature [22]. These range from 1 °C/min to
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10 °C/min, making the DSC a quick method. However, these rates are a
lot higher than those occurring in real building applications [22]. These
limitations have led authors to research unconventional methods for an
accurate determination of the thermophysical properties of PCMs. The
inverse method coupled with an optimization algorithm stands as a
possible approach to estimate the enthalpy or heat capacity relationship
with temperature.

The inverse method applied to heat transfer problems consists of
determining the thermal properties of a material, boundary conditions
or internal heat source values based on experimentally measured tem-
peratures and/or heat fluxes at a finite number of locations. This differs
from classic heat transfer problems, where temperature distribution is
calculated by solving governing equations and knowing the thermal
properties of materials and boundary conditions [23]. The experimental
measurements and the values determined by the classic or direct model
are linked through an objective function, typically defined as the devi-
ation between experimental and modeled results. As the inverse method
is computationally intensive, there exist different optimization methods
applied to heat transfer models of PCMs to estimate heat capacity and
enthalpy relationship with temperature [24].

The inverse method was applied to the results of traditional char-
acterization methods to determine the heat capacity-temperature and/
or enthalpy-temperature curves. Franquet et al. [25] employed the in-
verse method on the results of DSC experiments of pure substances and
binary mixtures for estimating thermodynamic properties, based on
thermodynamic and heat transfer modelling of the samples. The objec-
tive function they minimized is the sum of squared differences between
experimentally measured heat flux and modelled values. This objective
function was minimized through the simplex method. Omaraa et al. [24]
performed the THM to pure zinc and sodium nitrate and then used the
inverse method to obtain the heat capacity-temperature. The phase
change was modelled with a symmetric Gaussian curve for heat
capacity-temperature and the heat transfer in the samples with a 1D
finite difference model. The objective function was the root mean square
difference (RMSD), using the central temperature of the sample for
minimization. Generalized Reduced Gradient nonlinear optimization
method was selected for minimization. Delcroix et al. [26] also
employed THM results with the inverse method coupled with genetic
algorithm for the determination of the heat capacity-temperature curve
of a bio-based PCM, as well as the phase change range. RMSD of
measured and modeled temperature in the center of the samples was set
as the objective function for optimization. Two curves were obtained,
one for melting and the other for solidification, consisting of a step
function depending on temperature intervals (7 for melting and 9 for
solidification). The phase change range determined through the inverse
method was wider than the one obtained through DSC. On top of that,
the authors also determined the equivalent effective heat capacity curve
for a wall formed by a layer of PCM pouches sandwiched between
plywood boards, concluding that for such building applications, DSC or
THM results are not directly applicable and other experimental tests
should be used.

The inverse method was also used for the determination of properties
of composite materials integrating PCMs. Tittelein et al. [27] determined
the phase change enthalpy and the enthalpy-temperature curve for a
composite of cement and microencapsulated PCM (Micronal PCM ® DS
5001 X by BASF), of dimensions 250 x 250 x 40 mm?. A 1D finite volume
method was developed to solve the conduction in the samples. Heat flux
on the surfaces of the sample was used for the objective function. This
function was set as the quadratic sum of the differences between
measured and calculated surface heat flux and simplex algorithm was
used for the minimization. Cheng et al [28] determined the heat
capacity-temperature curve of a concrete brick with microencapsulated
PCMs coupling experiments with a 1D finite difference model of the heat
transfer. The curve was defined by intervals of temperature. Different
optimization methods were compared: sequential quadric program-
ming, particle swarm optimization and genetic optimization. Cascone
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et al. [29] calculated the heat capacity-temperature curve of a 15 mm
shape-stabilized PCM of melting temperature 21.7 °C, through inverse
method coupled with the (A + p) Evolution Strategy technique. The
curve was defined as an asymmetric Gaussian function, and it was the
same for solidification and melting. A 1D finite difference model was
developed to simulate heat transfer in the PCM. RMSD was chosen as the
objective function, comparing the experimental and numerical values of
heat flux.

There exist fewer studies of the determination of phase change
properties of macroencapsulated PCMs. Thonon et al. [30] proposed a
complex four-step identification process based on a comprehensive nu-
merical model for solving heat transfer on a paraffin macroencapsulated
in a PMMA rectangular panel. The chosen objective function was the
sum of squared differences in surface heat flux, and particle swarm
optimization algorithm was used. Zalesak et al [31] determined heat
capacity-temperature curves of macroencapsulated paraffin RT42
separately for melting and solidification, defined as asymmetric
Gaussian curves. PCM panels were tested inside an air heat exchanger,
where the output air temperature was used for the objective function
error minimization. Heat transfer in the PCM capsules was studied
though a 1D model. Particle swarm optimization and differential evo-
lution algorithms were employed for the optimization step. In the heat
exchanger unit, the PCMs were subjected to sudden changes of tem-
perature which do not apply to building envelope applications.

To the best knowledge of the authors, the application of the inverse
method to determine the effective heat capacity of whole macro-
encapsulated PCM panels with heating and cooling rates typical of
building envelopes has not been performed. Previous studies revealed
that the incorporation of macroencapsulated PCMs in building enve-
lopes reduces energy consumption. Still, there is a lack of comprehensive
characterization of the whole macrocapsules, as it has been proved that
DSC and THM results are not appropriate for full size applications [18].
This work proposes a mathematical model of the heat transfer in mac-
roencapsulated PCMs for the determination of the effective heat ca-
pacity of full-size capsules through the inverse method. This yields the
relationship between the effective heat capacity and temperature of the
whole capsule taking into account the PCM itself, the capsule material,
and the air gap left inside the capsule that allows volume changes. This
analysis was developed for complete melting and solidification and,
hence, hysteresis was identified. For the analysis of incomplete or
interrupted phase transitions, the reader is referred to the following
works: [32] experimentally analyzed the resulting enthalpy-
temperature curves of different PCMs (paraffin mixtures, fatty acids
and inorganic salts) for incomplete phase transitions; [33] developed a
numerical model of incomplete phase transition simulation for PCMs
with and without subcooling. Other authors developed a numerical
hysteresis model where the enthalpy-temperature relationship for
incomplete phase transitions was derived from the complete transition
curves [34].

The main novelty of this work is that whole PCM panels are char-
acterized for low heating and cooling rates. The contribution is a nu-
merical tool that determines the effective heat capacity of PCM panels,
so they may be modeled as unique building materials. The obtained
results are suitable for whole building energy simulation software to
assess the impact of adding PCM macrocapsules on the indoor temper-
ature and energy consumption.

2. Materials and methods
2.1. Studied materials

This work analyzes paraffin mixtures macroencapsulated in
aluminum containers: RT8-HC, RT11-HC, RT21-HC [35]. These are
solid-liquid shifting PCMs and, since they are mixtures, they undergo
phase change throughout a temperature range. The number in the name
of these PCMs refers to the average phase change temperature. The



M. Alvarez-Rodriguez et al.

Applied Thermal Engineering 242 (2024) 122478

Weem

eron 4-‘ ’»

b bbb
TETTTTYTT.

O

o aFCM S e

>

Fig. 1. Aluminum case containing the PCM.

Table 1

Geometry and mass of the studied PCM panels.
PCM wpcy (mm) apcm (mm) epcy (mm) mpcy (kg)
RT8-HC 450 300 10 0.85
RT8-HC 450 300 15 1.33
RT11-HC 450 300 10 0.85
RT21-HC 450 300 10 0.85
Impulsion Climatic Exhaust

duct module Hotbox duct

(b)

Fig. 2. Climatic module and hotbox: (a) general disposition, (b) detail of the
diffuser in the impulsion duct, (c) detail of the probe in the exhaust duct.

manufacturer indicates in the product datasheets the phase change
temperature range of the PCMs.

The aluminum capsule is shown in Fig. 1, where it must be observed
that the surface of the panel is not flat but contains regularly distributed
small bumps. This is the commercial macrocapsule supplied by the
manufacturer [36]. A simplified blueprint of the capsule is also dis-
played, indicating the characteristic dimensions of the capsule: width, w,
height, a, and thickness, e. It is highlighted that these macrocapsules
consist of paraffins, an air gap to allow the volume variation during the
phase change and the aluminum case itself. This has been considered in
this work and from now on the subscript “PCM” will denote the whole
panel (including paraffin, air and aluminum). Table 1 sums up the di-
mensions and mass, m, of the panels. Note that PCM RT8-HC is analyzed
for two different capsule thicknesses.

2.2. Experimental setup

The PCM panels were tested in a hotbox connected to a climatic
module in a closed loop. The hotbox consistsof al m x 1 m x 1 m highly

insulated cavity, whereas the climatic module controls temperature and
relative humidity of air inside the hotbox ranging from —20 °C to 60 °C
and from 30 % to 100 %, respectively. Air is injected inside the hotbox
through an impulsion duct that counts on a diffuser that ensures a uni-
form temperature distribution inside the chamber. An exhaust duct takes
back the air into the climatic chamber, and it is provided with a probe
for the temperature and relative humidity regulation. This equipment is
shown in Fig. 2.

Experimental tests characterize PCM panels suspended vertically
inside the hotbox, applying a temperature variation curve to the sur-
rounding air, between 20 °C and 1 °C for RT8-HC and RT11-HC, and
between 28 °C and 8 °C for RT21-HC. Transient evolution of tempera-
ture and heat flux of the panels is measured for two temperature vari-
ation rates, a, 1 °C/h and 0.5 °C/h. These are based on heating and
cooling rates experienced in building envelopes. The selected vertical
disposition stems from the fitness of these panels to vertical elements of
the envelopes, such as facades, as it has been reported in the literature.

Macroencapsulated PCMs inside the hotbox were subjected to heat-
ing and cooling cycles, defined by 4 stages:

(1) solidification,

(2) thermal stabilization in solid phase,

(3) melting, and

(4) thermal stabilization in liquid phase.

This process provides the thermal performance of the macro-
encapsulated PCMs during the phase change, as well as for solid and
liquid phases. Each test was repeated three times so that a high level of
confidence in the experimental setup and repeatability were ensured.
Temperature and heat flux were measured every 10 min (data sampling
period At = 600s). Fig. 3 shows the programmed temperature curves in
the climatic module, Tpog, for all studied PCM panels. The phase change
temperature range of the pure paraffins, according to the manufacturer,
is also included. Additionally, the four stages of the programmed curve
are indicated.

Since the surface of the aluminum capsule is not flat, as seen in Fig. 1,
it was not possible to directly place a heat flux sensor over it. As such,
each surface of the PCM panels was covered with a thin layer of mortar
(hereon identified by the subscript Mt) of thickness 6 mm, ey,. The
apparent density or the mortar, p,,, was 2194.141 kg/m°. This is the
density of the mortar layer taking into account the mortar itself, and the
pores of air. A TCi Thermal Conductivity Analyzer [37] was used for the
determination of the thermal conductivity, ky:, and specific heat, Cp,,.
This equipment uses the modified transient plane source technique to
determine these properties and provides an accuracy of the measure-
ments of 5 %. Thermal conductivity was 1.405 W/mK and specific heat
897.862 J/kgK.

Heat flux sensors and thermocouples were used to measure the
transient thermal response of the panels. An HFPO1 heat flux sensor [38]
was added to the surface of the mortar of each PCM panel, measuring the
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Fig. 4. Scheme of the experimental setup (left) and disposition of multiple panels inside the hotbox (right).

surface heat flux ¢®?. These are ceramics-plastic thin sensors, whose
measuring uncertainty is 3 %. Only one heat flux sensor was used
because of the symmetric disposition of the PCM panels and since a
uniform temperature distribution inside the hotbox is ensured. One KX
thermocouple was used for measuring the temperature on each surface
of the panel, T¢®. These thermocouples provide + 0.1 °C accuracy [38].
Temperature of the hotbox was also measured, for the sake of verifica-
tion, with four STH75 sensors [39] placed in different locations of the

chamber. Their accuracy is &+ 0.15 °C and + 0.9 %RH. Fig. 4 shows the
position of all the sensors, and a schematic of the PCM panel-mortar
layer assembly. It also shows how the panels were placed inside the
hotbox.

2.3. Computational procedure

This subsection presents the mathematical model developed for the
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Fig. 5. Definition of the superimposed curve of effective heat capacity.

identification of the effective heat capacity of studied PCM panels. All
calculations have been performed in MATLAB software [40]: own code
was developed for the direct model, whereas the built-in Global Opti-
mization Toolbox was used for the optimization stages [41].

2.3.1. Direct problem

Since this work aims to obtain the phase change properties of the
whole PCM panels, these are modeled as a single material, lumping the
effects of the aluminum capsule, air gap and paraffin altogether. The
effects of the convection of the liquid phase and the air gap inside the
panel on the thermal response are recorded in the temperature and heat
flux measurements. As such, they are incorporated in the model though
the boundary conditions. This is, all the physical phenomena that occur
in the capsule are experimentally measured and, in consequence,
considered in the model. As a result, transient heat transfer is modeled
through the heat diffusion equation, requiring low computational cost
but providing great accuracy:

% (pCpT) = V(kVT) €y

where V is the nabla operator. The effective heat capacity method is
used for modeling the phase change in the PCM panel. Note that for the

PCM panel, the specific heat in Eq. (1) is substituted by the effective heat
capacity, Cp.f, that varies with temperature.
The following assumptions have been made:

- Thermal contact resistance at the mortar-capsule interface is
negligible.

Thermophysical properties of the mortar layer are not dependent on
temperature and are isotropic [42].

Thermal conductivity of the PCM provided by the manufacturer will
be used as input for the model. Thus, this is not a parameter that the
optimization algorithm must determine in the inverse problem. This
assumption is based on the parametric analysis of heat flux output
performed on various PCMs in [25]. This work points out the phase
change range and the latent energy as the most influencing param-
eters, and not the thermal conductivity, especially for low temper-
ature variation rates. As such, thermal conductivity of the panels
used in the model is kpcyy = 0.2W/mK [35].

Density of the PCM panel is constant. Although density of the solid
and liquid phases of the paraffin varies with the phase change, the
panel as a whole is characterized. This implies that an overall density
of the panel might be used, which is not dependent on temperature.
Overall PCM panel density is thus calculated based on panel mass
and volume, derived from data presented in Table 1.



M. Alvarez-Rodriguez et al.

- Heat transfer is one-dimensional. This hypothesis is justified by the
reduced thickness of the capsules, compared to the heat exchange
surface. Besides, the low thickness and uniform temperature applied
to both sides of the PCM panels limit the convection occurring in the
liquid phase. This assumption is also present in [30].

- Only half of the panel and one mortar layer are necessary for the

7 — [CPS> CPL7 ACh'S,(T?S,O'Z'S,Th'S,AC/'S,G/'S, T’}/S7 AC/,"M,(TZ’M,UZ‘M, T;"M,AC/'M,G/'M

P

mathematical model, due to the symmetry in the PCM panel plus
mortar layers and boundary conditions.

- According to previous studies, Cpy is assumed to be shaped by a
Gaussian function [31].

To obtain the best fitting, in this work Cp. is assumed to be shaped
as two superimposed Gaussian functions: a symmetric one for lower
values of temperature, Cpgff, and an asymmetric one for higher values of

temperature, Cpi‘ff:
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necessary to define the parameters of the superimposed Cp.y(T) curve
for solidification, superscript S, and for melting, superscript M, sepa-
rately. As such, the vector of parameters X that defines the Cp.g(T)
curve for both processes is:

T/.M:I )

sty

Note that Cps and Cpy, are independent of the phase change process since
their values do not affect the phase change.

It is highlighted also that Ty, is not a parameter that has to be defined
beforehand, but it is determined analytically, as it represents the tem-
perature that fulfills the condition:

Cply(To) = Cplyy(To) VTo < T, (6
This is, it is the point where the symmetric curve and the asymmetric

curve (for T < TL‘) are coincident. Rearranging Eq. (6) a quadratic
equation is reached, whose solution is:

2
ad /rh 2 h 2 h2 ACh
o'T) — o' T) \/(6th o’ Tp) (6" —07) (a’ T,” —0o’T,” —o"s’In <Ac/> >

Ty = -
ol — ¢/

2
(r-17) .

o’

Cply(T) = Cps + AC” -exp

N2
(r-11)

Cps + AC"exp fT<T)
o5
Cpsff(T) = 5 &)
(T - Tj;)
Cp + AC"-exp — ifT>T,
L

Cpy(T) if T<T,,

/z . (€]
Cply(T) if T > T,

Cpy(T) =

where Cpy is the specific heat of the solid phase, Cp;, is the specific heat
of the liquid phase, AC is the parameter that defines the maximum
height of the curve, T, is the temperature where the maximum effective
heat capacity is reached, o is the parameter that defines the width of the
curve and Ty, is the temperature that defines the switching between
each curve. Superscript / refers to the symmetric curve for lower tem-
peratures and superscript h refers to the asymmetric curve for higher
temperatures. Subscript S indicates solid phase, whereas subscript L
indicates liquid phase. Note that the parameter ¢ for the asymmetric
curve takes two values: one for T< T, and another for T > T, so that
asymmetry is captured. The differences between Cpg)}f and Cpi‘ff, as well
as their superimposition are illustrated in Fig. 5.

Additionally, the behavior of the PCM panels might be different in
melting and in solidification. To identify these possible differences, it is

@)

The actual value of Ty, is obtained by subtracting the discriminant in Eq.
(7), and not by adding it, as the switching point is found on the left side
of the Cply;(T) curve.

As it is well known, the heat diffusion equation must be completed
with the initial temperature condition, along with the boundary condi-
tions. The initial condition consists of setting the whole domain at the
temperature measured on the surface at t = 0. Thermal stabilization
stages before the heating and cooling ramps ensure uniform tempera-
tures in the samples in the beginning of each process. Boundary condi-
tions are described through Egs. (8)-(10) below. These are, respectively,
temperature condition in the mortar layer surface, conjugate heat
transfer in the mortar—capsule interface and symmetry condition along
the axis.

T(0,1) =T;7(1) ®)
,kMM: *hmw 9)
Ox Ox
dT(e/2,t
- kPCM% = O (10)

Finite difference method (FDM) is employed for solving the heat diffu-
sion equation. To do so, the simulation domain is discretized in N cells
whose thickness is Ax. The total number of N cells encompasses mortar
cells, Ny, and PCM panel cells, Npcy, as indicated in Eq. (11). The heat
transfer equation (1) is then solved in each of these N cells at each time
step. Fig. 6 shows a scheme of the discretized simulation domain, as well
as these boundary conditions.

N = Npcy + N an
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Fig. 6. Scheme of the 1D discretized simulation domain and boundary conditions.

In this study, a time-regressive (backward in time) finite-difference
scheme and a space-centered finite difference scheme have been used
to solve the heat diffusion equation to ensure that the numerical scheme
is unconditionally stable. As such, and considering the boundary con-
ditions, the equations for the temperature at each node n and at each
time step t, Ty, are given by:

e Surface (n = 1):

ror (-1 -1
P CPme =1 :k/m'( A2 A2 ) (12)

e Interior node of the mortar (1 < n < Ny):

ToT (T T, T-T
PuteCour — = :kMI'( +Ax2 - A l) (13)

At

o Interface node on the mortar side (n = Ny):

T:x — Ti:l k ( iH»l — Til
't

2k, T —T'
P CPmr Az = Kum; Fou “ "71) a4

A2 kythkeew AR

o Interface node on the PCM panel side (n = Ny, + 1):

Table 2

Parameters of the genetic algorithm.
Parameter Value
Population size 200
Elite count 10
Crossover fraction 0.8
Mutation rate 0.15
Maximum number of generations 1600
Function tolerance 1-10°
Maximum number of stall generations 150

T, — T, T,,—T, T,-T. 2k
PrcuCpes (T},)- =" —= kPCM'( o . n_—n-l. L >

At AZ A2k + kpcw

(15)
e Interior node of the PCM panel (ny;: + 1 <n < N):
T,-T," T —T, T,-T,

pPCM'Cpﬂﬂ(TL)'T = kPCM'( +sz N ]> (16)

e Symmetry node (n = N):
T; — TL_I TL — T;—
PreemCpreu (T;) T A = kpcu- (0 - T) a7)

where At is the time increment between two time steps, and its value is
the same as the experiments’ sampling period. Note that the superscript t
refers to the current time step, whereas t —1 implies the previous time
step. If the duration of the experiment is 7, the number of times steps N,
in which the nodal equations must be solved is:

N, =t/At (18)
The resulting matrix equation for the unknown temperature field is
solved using the Gauss-Seidel iterative method. The stopping criterion

used is the scaled residual of the temperature field with a tolerance of
10710:

N 2
NS (Thpen = Thod)
n=1

N e
Zn:l Tn.new

<107 19

where the subscripts new and old refer to the current iteration and the
precedent iteration, respectively. The value of 1071 has been selected
for the tolerance as it provides accurate results of the temperature field
without increasing computational time.

2.3.2. Inverse problem
The direct heat transfer problem needs as input the thermophysical
properties of all materials involved, as well as initial and boundary
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temperature on each side.

conditions, so that the temperature field might be determined. However,
the effective heat capacity of the PCM panels is unknown, and its
determination is indeed the aim of this work.

Thus, the inverse method is employed. In this work, the experi-
mentally measured temperature on the surface of the mortar To? is used
as input for the direct model as the boundary condition. An optimization
algorithm determines the optimum set of parameters that define the
Cpes(T) curve, Yopt, that minimize the difference between the experi-
mental the numerical heat flux at each time step. Numerical heat flux

10
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@™™ is calculated according to Eq. (20) at each time step, based on the
nodal temperatures calculated by the direct model.

L num L num
T T

Ax/2

Lnum __ oot,exp
T T

Ax/2

t.num

@ = 7kM1' (20)

= —ky

More specifically, the inverse method looks for the optimum set of pa-
rameters that minimizes an objective function, OF. In this analysis, OF is
based on the root mean square difference (RMSD) between ¢““? and
@™, Hence, the inverse method is a problem where the objective
function must be minimized through an optimization algorithm. As the
numerical heat flux depends on known parameters (geometry, boundary
conditions, thermophysical properties) and the unknown Cpe(T) curve,
the inverse problem is expressed as:

Minimize:
RS S
OF = ]V Z ((pl.exp _ (pt,num) :f( )C) (21)
to=1
subjected to:
Flower < X < X upper (22)

where X e and Yupper are the vectors that contain the minimum and
maximum values, respectively, for the optimization algorithm to create
the search space. It is not strictly necessary to impose the lower and
upper values linear constraint, but, if correctly chosen, they accelerate
the convergence of the optimization process.

The optimization algorithm employed in this work is the genetic
algorithm (GA), a metaheuristic evolutionary technique developed by J.
H. Holland [43], inspired by Darwin’s theory of evolution and Mendel’s
inheritance theory that has gained popularity lately. Evolutionary al-
gorithms have been recently used for solving this kind of non-linear
problems, as they find solutions in large and complex search spaces
[44]. The GA does not require gradient information, so it is able to tackle
complex and discontinuous problems. This is, this algorithm does not
require differentiability of the objective function like classical optimi-
zation algorithms such as gradient descent [45]. The GA explores the
search space more effectively due to its stochastic nature, increasing the
likelihood of reaching the global optimum. It is population-based,
implying it might be implemented in parallel [46]. Additionally, its
simplicity, flexibility and robustness make it appropriate for a wide
range of applications and case studies [47].

The GA is a procedural algorithm originally based on three opera-
tions: selection, crossover and mutation. Subsequently, elitism was
adopted as a mechanism for retaining the best solutions between gen-
erations, improving the performance and accelerating convergence. The
steps are:

1. Generation of an initial population of individuals with randomly
assigned input variables ().

2. Assessment of the fitness (reciprocal of the objective function).

3. Sort the individuals in decreasing order of fitness.

4. Elitism: a sly number of the fittest individuals (elite count) is auto-
matically passed onto the next generation.

5. Selection: from the non-elite individuals, the fittest parents are
chosen, whose information will be used for creating the new
offspring individuals.

6. Crossover: a percentage of the selected parents (crossover fraction)
are combined to create new individuals.

7. Mutation: the remaining selected parents are randomly and indi-
vidually modified to create the last new individuals.

8. Creation of a new generation by combining elite, crossover and
mutation offspring.

9. Repetition of steps 2 to 8 until the stopping criteria are met: either
the maximum number of generations is exceeded or the average
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Fig. 9. RMSD of each run of the genetic algorithm of each PCM and for each temperature variation rate.

relative change in the best fitness value is less than or equal to
function tolerance over a maximum number of stall generations.

The parameters of the genetic operations performed by the algorithm
significantly influence the performance of the solver. Frequent popula-
tion sizes are 50 individuals and maximum number of iterations range
from 50 to 100 [44]. To ensure that the genetic algorithm finds the
global optimum, the parameters defined in Table 2 were selected.

The mutation rate used in this work is also greater than other values
reported in previous woks of genetic-algorithm-driven inverse method
applied to heat transfer problems of 0.05 [48]. A flow diagram of the
whole computational process of the inverse method is presented in
Fig. 7, where the blue region refers to the experiments, the orange region
sums up the direct mathematical model and the green region specifies
the GA operations.

In order to avoid falling in local optimums, it is important to run the
genetic algorithm several times [44]. This checks its robustness on
finding the global optimum. Robustness and globality of the solution are
fulfilled if there exists low variability in the set of solutions. In this work,
the genetic algorithm was run 10 times for each PCM, and for each
temperature variation rate. The optimum global solution was set as the
one that provided the least RMSD.

A computational cluster with 96 GB RAM memory was used for
running genetic algorithm optimization. Intel Xeon processor with 2
sockets and 8 parallel computing nuclei. In this work, six nuclei were
used to reduce computation time.

3. Results and discussion
3.1. Experimental results

As it has been described in section 2.2, 3 repetitions were performed
for each PCM panel (for each temperature variation rate), where surface
heat flux and temperature were measured. On top of that, surface tem-
perature was measured with two thermocouples, one on each surface. As
such, in this section, it is firstly assessed the repeatability of the tests and
the symmetry of the temperature distribution. Experimental results of
the RT11-HC panel for the temperature variation rate of 1 °C/h have
been chosen to illustrate these aspects and are shown in Fig. 8. Experi-
mental results of the remaining panels and temperature variation rates
will be displayed along results of the inverse problem solution in sub-
section 3.2.

Fig. 8 (a) shows the surface heat flux measured on each test, as well
as the average value. Sensible heat exchange periods are identified by
constant values of heat flux, whereas the phase change is denoted by the
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bell-shaped curves. Positive values mean that heat flows towards the
panel and thus correspond to the melting process, whereas negative heat
flux relates to the solidification process. Fig. 8 (b) displays the surface
temperature (on one of the sides of the panels) in each test, plus the
average value. In this case, sensible heat exchange is identified by
constant slope regions, and the phase change by the instants where
temperature variation is not linear.

Repeatability of the experimental procedure was assessed by
comparing measurements from each test. It is observed that no signifi-
cant variation exists in surface heat flux nor temperature from different
tests, see Fig. 8 (a) and (b). Besides, differences in surface temperature
measurements were assessed for each panel, as two thermocouples were
used, one on each surface. The average difference between thermo-
couples computed for all cases was negligible. In consequence, it is
concluded that the same results were obtained on both sides of the
panels and that the experimental setup provided a high level of
repeatability. This is illustrated in Fig. 8 (c), where the average surface
temperatures recorded by each thermocouple are shown. As a result, for
the inverse problem, the average surface temperature (average of all
tests and both sensors) was set as input and average heat flux was
employed for comparing by the objective function.

It is highlighted in Fig. 8 that the only variability between tests is
found in the moments where the climatic module shifts from varying the
temperature to stabilizing it and vice versa. These moments have been
highlighted with dashed vertical lines. Thus, the variability is due to the
behavior of the climatic module, which injects hot or cold air abruptly,
leading to sudden variations in surface temperature and heat flux. This
also explains the abrupt peaks of heat flux measured around these in-
stants, which are not provoked by the phase change and do not influence
the performance of the test. As a result, these periods were neglected for
the inverse problem-solving stage. This is, the GA does not seek to
minimize the objective function around these time intervals.

3.2. Numerical results

3.2.1. Genetic algorithm optimization and computational performance

To ensure that the solution found by the genetic algorithm is the
global minimum of the problem, it was run 10 times on each PCM and
for each temperature variation rate. The computed RMSD on each of
these runs is shown in Fig. 9. There is low variability in the RMSD values
regardless of the PCM and the temperature variation rate. This reveals
the robustness in finding the global optimum and the suitability of the
selected parameters for the genetic operations.

The average number of generations that the GA needed to create to
reach the x,,; was 726 for the cases of temperature variation rate of
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Fig. 10. Comparison of experimental heat flux and the numeric heat flux obtained by the GA/FDM-based coupled model using the experimental surface temperature

Po
as input.
Table 3
RMSD obtained from the inverse problem solution in W/m?*
14 RT8-HC (10 mm) RT8-HC(15 mm) RT11-HC RT21-HC
1°C/h 1.060 1.130 1.214 1.246
0.5°C/h 0.543 0.791 0.877 0.649
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0.5 °C/h, and 912 for 1 °C/h. Total calculation time needed for each of
the ten runs of the genetic algorithm was 3.33 h for the cases of tem-
perature variation rate of 0.5 °C/h, and 5.54 h for 1 °C/h.

3.2.2. Results of the GA/FDM-based coupled model

Heat flux obtained with the developed finite difference model after
GA optimization and experimental heat flux are shown in Fig. 10. Sur-
face temperature used as input for the inverse model is also included. It
is observed that the developed model thoroughly fits the experimental
results during the phase change, as well as in sensible heat exchange
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Table 4
Parameters of Cpegr for o = 1 °C/h.
RT8-HC (10 mm) RT8-HC (15 mm) RT11-HC RT21-HC
S M S M S M S M
Cps|J/kgK] 1151.43 1151.43 1999.96 1999.96 1848.49 1848.49 964.36 964.36
Cpr, J/kgK] 1000.08 1000.08 1535.15 1535.15 1003.00 1003.00 704.12 704.12
ACh J/kgK] 29178.66 30894.02 38121.78 34641.94 45923.55 45191.55 21031.63 22171.41
gg[Kz] —-2.17 —0.55 —4.84 —0.62 —-2.40 —-1.56 —14.54 —4.98
o'f[Kz] —0.12 -0.72 -0.11 —2.34 —0.10 —0.33 —0.10 —0.42
T’I}[°C] 8.00 8.89 7.79 8.67 10.99 11.75 21.41 22.06
AC [J/kgK] 67985.91 74988.19 53772.60 42710.32 67181.39 61917.69 12770.11 30858.32
a/[KZ] —15.81 —8.32 —10.14 -16.32 —13.04 —17.84 —18.36 -16.92
T; [°C] 11.40 11.91 9.28 11.79 13.96 16.00 20.20 24.21
Tsw[°C] 1151.43 1151.43 1999.96 1999.96 1848.49 1848.49 964.36 964.36
Table 5
Parameters of Cpegr for a = 0.5 °C/h.
RT8-HC (10 mm) RT8-HC (15 mm) RT11-HC RT21-HC
S M S M S M S M
Cps[I/kgK] 1000.09 1000.09 1999.90 1999.90 1504.31 1504.31 1221.49 1221.49
Cp. [J/kgK] 1000.11 1000.11 1200.07 1200.07 1000.15 1000.15 719.78 719.78
ACh [J/kgK] 34899.62 36055.75 43833.90 39696.43 54367.54 59844.96 26875.26 26202.28
oh[K?] -1.59 -1.00 -3.29 -1.17 -1.63 -1.08 -4.07 —-2.69
af[Kz] —0.10 —0.24 —0.14 -1.09 —0.10 —0.11 —-0.12 -0.17
7;1[°C] 8.15 8.95 7.87 8.71 11.06 11.68 21.42 21.69
AC’[I/kgK] 73797.06 64224.33 65070.42 76098.70 12581.91 27601.47 34549.00 39511.82
o [K?] ~16.89 ~12.05 ~11.66 ~14.03 -8.78 ~11.52 -23.59 ~19.69
T; [°C] 11.79 12.50 10.06 12.07 10.96 13.50 23.65 25.09
Taw[°Cl 7.32 7.83 6.10 7.86 9.37 10.35 20.82 20.23

periods. The greatest deviations are found at the beginning and the end
of the cooling and heating stages. It is highlighted that this stems from
the behavior of the climatic module, that induced sudden variations of
heat flux at these points. Still, simulations capture these fluctuations to a
high extent. Good agreement between the numerical and experimental
results indicates that the genetic algorithm finds the global solution.

RMSD computed for the studied PCM panels is shown in Table 3.
These values correspond to the minimized objective function once the
genetic algorithm has found the optimum set of parameters X o, and for
the run where the minimum RMSD was reached.

3.2.3. Effective heat capacity curves

The parameters that define the Cp.y(T) curves determined by the
inverse method for the studied PCM panels are provided in Table 4 for
1 °C/h and in Table 5 for 0.5 °C/h temperature variation rates. The
Cpes(T) curves are shown in Fig. 11. In this figure, the values of the
Cpefr (T) curves specified in the technical datasheets for the pure paraffin
mixtures (determined by traditional methods) are also included. IV
acronym stands for the inverse-method-determined values and DAT for
the datasheet properties. Significant differences are observed between
the different PCM panels: RT21-HC shows the widest curves with low
effective heat capacity peaks, RT11-HC exhibits the sharpest curves and
RT8-HC panels fall in between.

Comparing the results of the inverse method with different charac-
terization velocities shows the effect of the temperature variation rate. A
higher rate leads to a wider spread on the curves but with lower peaks of
effective capacity, whereas lower temperature rates produce more
concentrated effective heat capacity. Thus, peak effective heat capacity
determined for the temperature variation rate of 0.5 °C/h was 14.59 %
to 32.43 % greater than with 1 °C/h. This is due to studying the thermal
behavior of whole macrocapsules, instead of small quantities of paraffins
alone.

Effective heat capacity of the paraffin mixtures specified in the
datasheets is sensibly greater than that of the whole macrocapsules.
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More specifically, the specific heat in the solid phase was up to 107.39 %
higher in the datasheet values, the specific heat in the liquid phase up to
184.04 %, and the peak effective heat capacity up to 164.11 %. The
greatest differences were found on RT21-HC and the, while RT8-HC (15
mm) showed the closest results to the datasheets.

It is also observed how solidification and melting curves differ: so-
lidification occurs for a greater temperature range and peak tempera-
ture, TI’,’, is lower in solidification than in melting. This mismatch
between both curves is due to hysteresis, the phenomenon that makes
solidification and melting to happen at different temperatures and with
unequal Cpg(T) curves [49]. Generally, hysteresis is more significant in
organic bio-based PCMs and hydrated inorganic salts, mainly due to
supercooling and phase separation [50]. Still, even if paraffins experi-
ment lower hysteresis, it might be significant and must be considered for
thermal modeling [19]. Thus, results from the inverse method capture
these differences in melting and solidification. Table 6 shows the
displacement of peak temperature between melting and solidification
(T}’}'M 7T}’,’=S) of the studied panels for the two temperature variation
rates. It is observed how these values are less than 1 °C, complying with
what is expected for paraffins [19]. It is also appreciated that higher
temperature variation rates induce greater displacements of peak tem-
perature. This effect is more significant in RT21-HC. As this PCM is the
one with the lowest effective heat capacity, it is the most affected by
changes in the temperature variation rate.

The effect of the PCM mass is observed comparing RT8-HC panels.
Even if both panels contain the same substance, PCM mass over the total
mass of the panel is higher for the 15 mm panel, see Table 1. As such, it
possesses greater latent energy content per mass unit, leading to wider
and higher Cp.y(T) curves. More specifically, the peak effective heat
capacity of the 15 mm RT8-HC panel was from 10.10 % to 30.65 %
greater than in the 10 mm panel. The 15 mm panel has a higher ratio of
mass of PCM to total mass of the macrocapsule (PCM + air + aluminum)
than the 10 mm panel. This means that the latent energy content per
mass unit in the 15 mm panel is higher and, as a consequence, the
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Fig. 11. Effective heat capacity of the studied PCM panels: results obtained with the inverse method applied to the whole macrocapsule and values specified in the

technical datasheets for the paraffins alone.

Table 6
Displacement of TI’,l between melting and solidification in [°C].

o RT8-HC (10 mm) RT8-HC (15 mm) RT11-HC RT21-HC
1°C/h 0.891 0.884 0.753 0.650
0.5°C/h 0.794 0.839 0.616 0.250

Cpey(T) curve in this panel reaches higher values, and with a wider
spread in the temperature range. Besides, convection affects the thermal
response, and a greater mass of PCM in wider panel modify the con-
vection pattern of the liquid phase. This highlights the relevance of the
mass of PCM that is characterized and the scale effect.

3.2.4. Enthalpy-temperature curves

Once the effective heat capacity h