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This paper aims to investigate the energy efficiency of PCM-concrete wallboards using experimental and nu-
merical approaches. First, a laboratory experimental work was performed to manufacture PCM-concrete mixtures
with different proportions of PCMs. Then, an innovative bench test based on the transient plane source theory
was used for the thermal analysis of the mixtures. Besides, numerical simulation by finite element method was
carried and the confrontation of the numerical results with the experience has showed an excellent agreement.
Accordingly, the numerical approach was validated and generalized for the study of PCM-concrete at macro scale
under different thermal scenarios and PCM distributions (homogeneous/Bilayer/Matrix-inclusions). The nu-
merical simulations highlighted clearly the role of PCMs in decreasing the indoor temperature of the different
PCM-wallboards as well as the thermal fluctuations. Moreover, the time delay in the temperature peaks
emphasized the enhancement of the energy efficiency of PCM-wallboards in comparison with a traditional
concrete, especially for the case of the bilayer wallboard.

1. Introduction

According to the International Energy Agency, the energy con-
sumption of buildings is expected to rise to about 50% in 2050 [1,2]. As
a consequence, improving the thermal storage performance of the
building envelope is essential for reducing air conditioning energy
consumption and enhancing indoor thermal comfort [3,4]. In the recent
years, some studies have considered the strategies of combining
micro-encapsulated phase change materials PCMs with high latent heat,
with civil engineering traditional materials, such as concrete to improve
the thermal performance and the energy efficiency of the building
[5-10]. In fact, PCMs have the advantage of absorbing large amounts of
energy in a comparatively very small volume at a nearly constant tem-
perature. Thus, PCMs integration in construction materials and espe-
cially in the building envelope can improve the thermal storage capacity
of the building and ultimately contributes to keeping the inside tem-
perature relatively constant with low variations [11,12].

Apart from the experimental extensive works in literature, many
researches have focused on the investigation of PCMs energy efficiency
from a numerical point of view [13-15]. Some numerical methods based
on the statement of the heat transfer equations, have been proposed for

modelling and solving the heat transfer phenomenon in presence of a
phase change (solid-liquid) component. Among them, one can mention
the approaches illustrated by the effective heat capacity, the additional
heat source, and the enthalpy methods, for instance Ref. [16]. Other
numerical approaches based generally on the finite element methods are
particularly very attractive since they have the advantageous to simulate
the PCM-material at macro scale, by considering different loading sce-
narios and geometric parameters, saving thereby a laborious experi-
mental laboratory work.

For instance, this holds for the research of Xaman et al. (2019) [17]
who studied the thermal performance of a concrete roof with a PCM
layer placed under a Mexican warm weather (Merida). Three types of
PCMs were considered: Paraffin wax - MG29 (R-PCM1), N-Eicosane
(R-PCM2), and Salt Hydrates (R-PCM3) and different thickness values of
the PCM layer were used. The numerical simulations were conducted
during the warmest and the coldest days of the year. The results indi-
cated that the case R-PCM1 with 2 cm of PCM layer had the lowest
values of thermal load during the coldest and the warmest day. These
values are up to 57% lower than the thermal load corresponding to the
conventional concrete roof. Therefore, the authors concluded their study
by recommending the R-PCM1 with 2 cm of PCM layer to improve the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jobe.2021.103547&domain=pdf

thermal behavior of buildings.

On the other hand, Yu et al. (2019) [18] proposed a pipe-embedded
ventilation roof with outer-layer shape-stabilized PCM. A
three-dimensional transient-state heat transfer model was developed by
CFD tools. Then, the authors evaluated the effects of phase change
temperature range of PCMs as well as the thickness of PCM layer and
airflow rate in the ventilation duct, on the thermal behavior of the
building by considering five representative climate regions of China. The
results of their study showed that the optimum phase transition tem-
perature ranges of PCM are 31-33 °C, 34-36 °C, 36-38 °C, 34-36 °C and
29-31 °C, in severe cold region, cold region, hot summer and cold winter
region, hot summer and warm winter region and mild region, respec-
tively. The optimum thicknesses of the PCM layer were estimated to
25-30 mm, 25-30 mm, 30-35 mm, 25-30 mm and 20-25 mm,
respectively.

Kheradmandet al. (2015) [19] studied the simultaneous incorpora-
tion of hybrid PCMs in plastering mortars for facade walls. The thermal
performance of this technology was experimentally evaluated by
comparing the behavior of a prototype test cell made with hybrid PCMs,
with a reference prototype (without PCMs) under realistic daily tem-
perature configuration. A numerical simulation model using the com-
mercial software ANSYS-FLUENT was developed. Results showed that
the incorporation of hybrid PCMs into plastering mortars significantly
can reduce heating/cooling temperature demands for maintaining
interior thermal comfort when compared to reference mortars and
mortars with a single type of PCMs.

In this context, the present study is a contribution to further inves-
tigate the energy efficiency of commercial PCMs labelled “Micronal”
[20], especially designed for the sector building uses. It shall be noted
that this work is involved in the framework of a larger research dealing
with the sustainable strategies assessed for the energy storage in smart
buildings. Several studies of the authors dealing especially with the
identification of the thermophysical properties of Micronal PCMs, and
the evaluation of their performances when integrated into cement-based
materials were previously published [21-26].

Drissi et al. [21] performed a laboratory thermal characterization of
PCMs and Portland cement concretes embedded with PCMs using
various experimental techniques. In their study, several PCM-concrete
mixtures were manufactured with different amounts of PCMs, then the
specific heat capacity was analysed by differential scanning calorimetry
technique, whereas the thermal conductivity was measured by hot disk.
The results highlighted an improvement of the heat storage capacity of
the PCM-concrete with PCMs addition and a decrease of their thermal
conductivity [23,26]. This finding was corroborated later by the
research of Essid et al. [22] performed on both mortar and concrete
cubic specimens embedded with PCMs.

Furthermore, given the importance of the processing conditions in
governing the microstructure and therefore the macroscopic properties
of the PCM-concrete, studies have been carried by the authorsin order to
optimise the manufacture of the cement-based materials incorporating
PCMs. In a previous research by the authors [25], for instance, some
capsules were intentionally subjected todamage inlaboratory. Then, the
thermal properties of damaged PCM-concrete mixes were investigated
by DSC and compared to the reference PCM concrete. The obtained re-
sults highlighted a loss of the specific heat capacity by about 28%
compared to the non-damaged PCMs.

Despite the numerous advantages of PCM from a thermal point of
view, a major mechanical disadvantage related to the decrease of the
compressive resistance of the construction material was emphasized.
Accordingly, attention has been paid to the hydration kinetic of PCM-
mortars embedded with damaged and non-damaged PCMs based on a
modified semi-adiabatic calorimetry method [24]. The research high-
lighted a delay in the hydration progress with the addition of PCMs,
which was more pronounced in the case of mortars with damaged
capsules. Other investigations have been oriented towards the study of
the hygric properties of the PCM-materials like porosity and

permeability in relation with the PMCs addition, as highlighted in a
previous paper of the authors [27].

In the continuity of the aforementioned researches performed at the
material scale, this study aims to take advantages of the achieved works
in order to study the Micronal PCM-concrete at macro scale. A pre-
liminary experimental part of this study was performed on a PCM-
concrete wallboard, with different PCMs ratios, by using an original
bench test developed in laboratory. Then, a numerical finite element
method was assessed and validated by comparison with the experience
results. The extension of the numerical method to the case of a full-scale
PCM-concrete was achieved under different climate conditions and
PCMs distributions in the wallboard. The results were analysed and
discussed for the different configurations and during the storage and
release periods of PCMs.

2. Materials and methods
2.1. Phase change materials

The solid-liquid microencapsulated PCMs used in this study are
commercial product named Micronal with a melting temperature of
25 °C and a latent heat capacity of 110 kJ kg~! [20]. The used PCMs are
dry powder of paraffin wax mixture encapsulated in a highly
cross-linked polymer: the Polymethylmethacrylate (PMMA), free of
formaldehyde. PCMs can be agglomerated together to form spherical
microcapsules of 50-300 pm of diameter. The particle size distribution
of PCMs is determined by the dry process in order to avoid any potential
risk of interference of the polymer matrix of PCMs with water. The sieve
tests were carried out in collaboration with Malvern Instrument d’Orsay
(France) using a Mastersizer 3000 laser diffraction system equipped
with an Aero S (Fig. 1a) to disperse the dry powders based on Mie’s
theory. Plots of Fig. 1. b presents the particle size distribution of the
PCMs dispersion.

The particle distribution of PCMs show a distribution as single-mode
dispersion characterized by a single population centred at about 300 pm.

The morphology of the PCMs was observed using the Scanning
Electron Microscope (SEM) technique. Observations were performed at
room temperature. The SEM images have shown that most of the PCMs
capsules exhibit quietly a spherical shape with different diameters. Some
micrographs revealed that few of them presented broken shells probably
due to the product handling or manufacture (Fig. 2).

2.2. PCM-concretes confection

In order to investigate the energy efficiency of the considered PCMs,
different compositions of PCM-concrete were manufactured in labora-
tory with different proportions of PCMs (0%, 4.5%, 9%, 13%) by total
mass of the cement. The dimensions of the specimen are 4 x 4 x 4 cm®in
order to enable the thermophysical characterization.

The formulation of the PCM-concretes was considered based on the
previous research works of the authors [21,23,26].

Table 1 summarizes the composition of the manufactured mixtures.

Note that the PCM were added in the last stage of the manufacture
process in order to avoid the capsules damage by shearing during con-
crete mixing [21,24].

The microstructure of PCM-concretes was observed by SEM tech-
nique as shown in Fig. 3. It was noted that introducing micro-
encapsulated PCMs in the concrete matrix causes some microstructural
changes through the presence of several pores of different size ranging
from 1 mm to 50 mm as well as the presence of air bubbles.

In fact, the increase of porosity with the incorporation of micro-
encapsulated PCM is mainly due to the formation of relatively larger
crystalline products at the interface with the microencapsulated parti-
cles, which forms a more porous framework than in the mortar matrix
(cement paste and sand particles). The larger the diameter of the
microencapsulated PCM, the more pores will be in its interface with the
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Fig. 1. (a) Dry process simpler Aero S, (b) Particle size curve of PCMs (continuous line), cumulative fractions (dashed line).
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Fig. 2. SEM Observations of PCMs.

Table 1
PCM-concretes formulations.
Cement Aggregate W/C (water to PCMs (%)
(kg) (kg) cement ratio)
PCM- 360 1824 0.45 0,45,9,
concrete 13

cement mortar. These findings have been further discussed in an
extensive previous research of the authors dealing with the porosity and
the moisture transport properties investigation of the PCM-concrete. For
more information, the reader could consult the research works of [27].

2.3. Thermal analysis by DesProTherm

In order to investigate the thermal behavior of the PCM-concrete, an
original experimental setup was used. This bench test called “DesPro-
Therm” was developed in laboratory and designed according to the
certified ISO 9001 (version 2008).

The DesProTherm setup looks like hot plate setups commonly used
for thermal properties measurements. The principle of the test consists
on imposing a heat flux by a heating source to the tested specimen and
then measuring the temperature evolution by thermo couples placed on
the lower and upper surfaces of the specimen. The latter was isolated by
placing a 4-cm thickness of insulation layer in contact with their lateral
surfaces as shown in Fig. 4.

It shall be noted that tests were conducted 3 times for each case.

3. FEM numerical simulation
3.1. Theoretical background

The heat transfer phenomenon during PCM phase transition can be
described by the Enthalpy Method [16]. The CFD software FLUENT uses
a solidification-melting model based on this method, to solve the heat
transfer problems during the solidification and melting processes.

Let recall that the energy transfer equation of the solid region in
FLUENT is given as follows:
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Fig. 3. SEM Observations of PCM-Concrete.
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Fig. 4. Experimental setup (on the left), schematic representation (on the right).

% (ph) +V.(Vph) = V.(AVT) + S}, [1]

Where:pis the density [kg.m™>].

h is the sensible enthalpy [J]

V is fluid velocity (m.s™1)

Ais thermal conductivity [W.m 2.K 1]
T is temperature [K]

Sy is volumetric heat source [W.kg.m3]

Note that the formula of the enthalpy H in the energy equation
within the phase transition region is different from the enthalpy within
the solid region. The former includes sensible enthalpy h and latent
enthalpy. Accordingly, during the phase change, the enthalpy is given
as:

H=h+ AH [2]

Whereas the sensible enthalpy h is expressed as:

T
h=hy + / C,dT (3]

Trer
Where: hyf is the reference enthalpy.

Tref is the reference temperature,
G, is the specific heat at constant pressure.

In order to calculate latent enthalpyAH, the concept of liquid
fractionpis introduced into the solidification-melting model of FLUENT
[28], which is defined as follows:



p=0
T — Tsotia

Tliquid - Tsolid

T < Tsotia
{ Tyotias < T < Tiiguia ; P
T> Tl[quid

[4]
p=1
Where Tjiq is the temperature at solid state [K],

Tiiquid is the temperature at liquid state [K].
The latent heat content AH can now be written as:

AH=pL [5]

Where L is the latent heat of the material (unite). The latent heat content
can vary between zero (for a solid) and L (for a liquid). For the
solidification-melting process, the energy equation is written as:

% (pH) +V.(VpH) = V.(AVT) + S}, [6]

The solution for temperature is essentially iteration between the
energy equation and the liquid fraction equation.

3.2. Cases studies of PCM-wallboards

The wallboard of PCM-concrete considered in the numerical study
has a height “H” of 3 m and a thickness “e” equal to 12 cm (Fig. 5). This
thickness was considered based on the previous study of Cabeza et al.
[4], where concrete cubicles were built with walls of 12 cm of thickness.

Numerical simulations were carried out using a CFD (Ansys/Fluent)
calculation code. The PCM distributions in the wallboard can be
described in different ways. In this study, three distributions were
considered (Fig. 6):

Case 1. homogeneous wallboard of PCM-concrete, for this case, the
equivalent effective properties are considered. The homogenized prop-
erties of PCM-concrete are presented in Table 3 (right column).
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Fig. 5. Geometric characteristics of PCM Wallboard.
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Fig. 6. Different cases studies of PCM-wallboards.

Case 2. bilayer wall: Concrete/PCM; the PCM layer is integrated on
the exterior face of the wallboard (the PCM layer is supposed to have a
thickness of 0.5 cm based on the previous study of the authors [27]). In
this case, the thermophysical properties of PCMs (Table 2) and the
Reference concrete (Table 3, left column) are considered separately.

Case 3. Concrete matrix incorporating PCM inclusions: Matrix/in-
clusions. Il this case, the thermophysical properties of PCMs (Table 2)
are used for the inclusions whereas the properties of the Reference
concrete (Table 3, left column) are attributed to the matrix.

In addition, an ordinary concrete wall, without PCM, was also
considered as a reference for comparison with the three cases.

Note that for the numerical simulation, the proportion of PCMs in the
PCM-concrete wallboard was taken equal to 4.5% by total mass of the
cement. This value was previously retained by the authors [21,23] since
it was demonstrated that this amount led to the best compromise be-
tween the thermal properties and the mechanical strength of the
PCM-concrete.

Tables 2 and 3 present the thermophysical properties of PCMs, the
reference concrete and PCM-concrete which will be used as data for the
numerical simulation. The experimental data of bulk density, specific
heat and thermal conductivity were gathered from the previous works of
the authors [21].

3.3. Thermal scenarios

Different thermal scenarios were considered in this study as Neu-
mann boundary conditions in order to take into account the various
weather configurations. Note that the Dirichlet conditions are rarely
encountered in the walls of a naturally functioning building. The
different thermal scenarios are summarized in Fig. 7.

3.3.1. Scenario 1: Tiype = 19 °C; Toxe variable, hi = 4 Wm 2 K

In this case, the interior temperature was kept constant at 19 °C,
while the exterior temperature is supposed following a sinusoidal tem-
poral evolution:

T, (1) =300 + 22 sin(zr) [7]
Table 2
Thermophysical properties of PCMs.
PCMs
p [kg.m %] 1000
T [°C] [5-20] [20-30] [30-50]
Cp [J.kg7L.K1] 2000 33000 2000
A[W.m~ 1K™ 0.18




Table 3
Thermophysical properties of reference and PCM-concrete.

Reference Concrete PCM-concrete

p[kgm™3] 2375 2407
T [°C] [5- [20-30]  [30-50]  [5-20]  [20-30]  [30-50]
20]

Cp [J. 561 627 671 699 933 699
kgL

K]

AW.m™. 2,01 1.97 1.94 1.93 1.74 1.61
K]

The exchanges between the interior air and the wallboard were
highlighted by an exchange coefficient (h; = 4 Wm 2 K1),

3.3.2. Scenario 2: Ty = 19 °C; Ty variable; hj =4 Wm 2K %, h, = 16
wm2K!

In this scenario, Neumann boundary conditions were considered on
both vertical sides of the wallboard. The exchange with the adjacent
environment are reflected on each side by equivalent exchange co-
efficients h; = 4 Wm 2K ! and h, = 16 Wm2.K 1.

On the vertical side indoor, the temperature is taken equal t019°C,
while the external temperature evolves sinusoidally:

T (1) = 300 + 22 sin(x7) (8]

3.3.3. Scenario 3: Tip, variable; Tee =27 °C;hi=4Wm 2K L h,= 16
wm2K!

In this configuration, the outside temperature of the wallboard was
fixed to 27 °C while the interior temperature is sinusoidal:

T (1) =292 + 12 sin(xt) [9]

Note that the values of the exchange coefficients h; and h. were fixed
based on the current values commonly used in buildings for France
weather [29].

4. Results and discussion
4.1. Experimental results

This section presents the main results obtained by the DesProTherm
experimental setup. The sampling frequency of readings was 0.1 s, and
the readings were recorded continuously.

Fig. 8 shows the measured temperature over time on the lower (z =
0) and upper (z = e) surfaces of the control (0% PCM) and PCM-concrete
specimens (4.5%, 9% and 13% PCM) with a thickness of 4 cm. Note that
the tests was repeated 3 times and the maximal error recorded was less
than 0.4°C.

It can be noted from plots of Fig. 8 that the different curves present
the same tendencies as the temperature increases as a function of time.
Besides, the two temperature curves on the upper and lower sides are
looking to be quietly parallel which can be synonym of a similar thermal
behavior of the PCM-wallboard on the upper and lower faces. The shift
between the two curves is due to the fact that the heating element was
positioned close to the lower face (z = 0) of the tested sample.

In order to discuss the effect of the PCM addition on the thermal
behavior of the concrete, the temperature rise AT (°K) was computed of
the upper face for concrete specimens for the different amounts of PCM
considered in this study. The results are depicted in Fig. 9.

One can notice from plots of Fig. 9 that the temperature rise AT on
the upper face decreases linearly with the addition of PCM as high-
lighted by the dashed interpolation line. The more PCMs are added in
the concrete, the lower is the gradient of temperature in the specimen.
For instance, it was recorded a loss of nearly 5%between the reference
concrete and the “PCM-concrete 1”7 with 4.5% of PCMs. By analogy,
losses of 12% and 17% were respectively noticed between the reference
concrete and “PCM-concrete 2”, on the one hand and “PCM-concrete 3”,
on the other one. This finding is very interesting since it emphasises on
the main role of PCMs which consists not only on decreasing tempera-
ture but also on reducing thermal gradient in the material. By loosing
some degrees of temperatures, the PCM look like a barrier which absorbs
the exceed of calories in order to best maintain a stable thermal state
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Fig. 7. Different thermal scenarios: (a) scenario 1, (b) scenario 2, (c) scenario 3.



46.6

t(s)
(@)

47.8

0 200 400 600 800 1000 1200
t(s)
(d)

0 200 400 600 800 1000 1200

20 - —
0 200 400 600 800 1000 1200
t(s)
(b)
50

46.7

0 200 400 600 800 1000 1200
t(s)
(©)

Fig. 8. Temperature evolutions recorded by the DesProTherm (PCM-concretes, e = 4 cm): (a) 0% PCM; (b) 4.5% PCM, (c) 9% PCM; and (d) 13% PCM.

T‘.‘ ., R S e 5’
= &
L
5 5 .
..“..“MNN
1 : : 9% 13%

PCMs

Fig. 9. Temperature rise AT (K) of the upper face for PCM-concrete.
with small fluctuations.

4.2. Numerical analysis

4.2.1. Model validation and confrontation with the experimental approach

Numerical simulation was also performed on the cube PCM-concrete
of 4-cm of dimension in order to compare the results with the before
mentioned experimental ones. It shall be noted that the data used for the
numerical simulation are derived from the homogenized experimental
results presented previously in Table 3. The numerical results are

illustrated in Fig. 10.

Plots of Fig. 10 present the comparison between the thermograms
obtained by the experimental and the numerical approaches. It can be
noted that the numerical method presents an excellent agreement with
the experiments. Furthermore, when comparing the time used for each
approach, it appears that for this test, the simulation time was estimated
to only 3 min whereas the experimental test, required at least 20-30 min
to perform the experiment. Thus, it’s clearly advantageous to use nu-
merical tools in order to save time and a lot of experimental laboratory
work.

In addition, and in order to better compare the experimental and
numerical results, the results of the temperature gradient were gathered
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Fig. 10. Comparison between numerical and experimental temperature evo-
lution results.



and computed for the different PCM-concrete mixtures. The results are
summarized in Fig. 11. Once again, it can be noted that the numerical
fluent model shows a good correlation with the experience results in
terms of temperature gradient evolution. Based on these findings, the
numerical model is validated and it will be used in the following, for the
investigation of the thermal behavior of the PCM-concrete wallboard.

4.2.2. Model generalization and analysis of the different scenarios

In this section, the finite element numerical model was used and
generalized for the simulation of the thermal behavior of the PCM-
concrete wallboard described in Fig. 5. The results corresponding to
the different thermal scenarios as well as the different PCM distributions
in the wallboard are presented in the following.

4.2.2.1. Scenario 1: Tie = 19 °C, Tey; variable, hy=4 Wm™ 2K~ L. Fig. 12
shows the profile of the temperature evolution versus time for the
different PCM-wallboards studied in the first scenario. Note that the
PCMs have a melting temperature of 25 °C and a solidification tem-
perature of 20 °C. The difference between the transition values can
highlight a supercooling phenomenon. Therefore, the thermal distur-
bance appearing in the PCM-concrete wallboard can be justified by the
phase change transition.

As can be seen, the curves exhibit a similar temperature profile for all
the PCM-wallboards case studies, but with different extremums and time
shifts. In fact, for the homogeneous wall of PCM-concrete (case study 1),
the results of the simulation show that after 7h 27min, the maximum
temperature reaches 32.3°C while that of the reference wall exceeds
33.1°C. Thus, the PCM allows a temperature decrease AT of about 0.8 °C
and a time shift of 14 min during the storage phase. During the release
phase, when PCMs are cooled, one notice that after 19h 36 min, the
minimum temperature of the homogeneous wall of PCM-concrete rea-
ches 19.6 °C while that of the reference wall 17.2 °C. Then, this
configuration offers a temperature decrease AT of about 2.3 °C and a
time shift of 28 min.

By analogy, the results of the simulation in the case of the bilayer
wallboard PCM/concrete (case study 2) show that after 8h 24 min, the
maximum temperature reaches 31.5°C while that of the reference wall
exceeds 33.5°C. Accordingly, a temperature decrease of approximately
2 °C and a time shift of 56 min were recorded for this case during the
storage phase. After 20 h 18 min, the temperature of the bilayer wall
drops to 18.4 °C, while that of the reference wall decreases to 17.6 °C.
Accordingly, a temperature decrease of approximately 0.8 °C and a time
shift of 70 min were recorded for this case during the release phase.

Note that the PCM layer is supposed positioned on the exterior face of
the wallboard. Naturally, the heat flux transits from the outside to the
indoor across the wallboard. Because of the same outdoor environment
conditions between the case studies 1 and 2, one can attribute the
decrease of the surface temperature amplitude to the PCM layer which
could played the role of a barrier for the heat, impeding thereby the
temperature elevation inside the wall. On the other hand, the increase of
time shift for Cases 1 and 2 in comparison with the reference concrete,
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Fig. 11. Comparison between experimental and numerical Temperature
gradient results.

Reference

0 200 400 600 800 1000 1200 1400
t (min)

Fig. 12. Temperature evolution over 24 h for the different models studied
(scenario 1).

highlighted that the PCMs can delay the heat transfer from outdoor to
indoor space. These findings are more pronounced in the case of the
bilayer wallboard for which the PCMs reinforcement at the front of the
wallboard have led to better thermal performance.

The analysis of the case study 3 (Matrix/inclusions) for which the
inclusions of PCMs are supposed embedded in the concrete matrix, one
can note that the temperature evolution of the PCM-Concrete wallboard
are close to the reference case. The difference between the temperatures
reaches a maximum of 0.4 °C during the storage phase versus 0.7 °C
when PCMs released. The time shift recorded was about 28 min between
the two peaks. Thus, this case study of PCM-Concrete seems to exhibit a
slight better thermal response than the reference concrete.

The different curves for the 4 wallboards show a hysteresis phe-
nomenon: the temperature evolution starts the storage phase from the
value of 19 °C but it ends the release phase with a temperature of 22 °C.
This finding leads to the structure of a porous material, which has been
proven by the authors in previous works [27].

Fig. 13 shows a comparison between the temperature profiles during
the storage (Fig. 13a) and the release (Fig. 13b) periods for the different
PCM wallboards.

We notice that between 42 min and 7h 28 min, the reference wall has
the highest temperature. The peak deviation AT reaches a maximum
value of 1.6 °C recorded in the case of the bilayer wallboard.

Table 4 summarizes the temperature differences and time shifts be-
tween the different PCM-wallboards for scenario 1.

Based on the aforementioned results, it can be concluded that, under
the conditions indicated in this scenario, the bilayer wall exhibits the
best thermal behavior in comparison with the other configurations since
the PCM distribution was managed such as to ensure an insulation
exterior layer. This result is interesting in the sense that the main
objective of using PCMs is to improve thermal comfort inside the room
by, among other things, limiting the temperature during periods of
overheating.

4.2.2.2. Scenario 2: Tjny = 19 °C; Tox variable; hj =4 Wm 2K %, h, =
16 Wm 2K~ Fig. 14 shows the temperature evolutions versus time for
the different PCM-wallboards studied in the second scenario.

It can be seen in the light of the temperature profile that for the
hottest period of the day, the temperature of the PCM-concrete wall-
board reaches 28°C in the case of homogeneous distribution, 26.6 °C for
the bilayer wall and 29 °C in the case of a “Matrix/Inclusions” distri-
bution, while the temperature in the reference concrete wall exceeds
29.5 °C. Thus, this configuration offers a temperature decrease AT of
about 1.5 °C, 3 °C and 0.3 °C and a time shift of 70 min, 42 min and 28
min during the storage phase for the Homogeneous wall “Case 17, the
Bilayer wall “Case 2”, and the Matrix/Inclusions “Case 3”, respectively.

The phenomenon is reversed overnight. In fact, the temperature of
the PCM-concrete wallboard drops to 19.8 °C for the Homogeneous wall
“Case 17, 19.2 °C for the Bilayer wall “Case 2", and 20 °C for the Matrix/
Inclusions “Case 37, while that of the control wall returns to the initial



35
33
31
29t T tET e
o e e
3%
=25
23 Reference
. —-—--Case 1
......... Case 2
9 e =---- Case 3
17
0 50 100 150 200 250 300 350 400 450
t (min)
()
33 .
31 e Reference
—-—-Case 1
29 %
27
o
0.25
=
23
21
19
17
400 600 800 1000 1200 1400
t (min)
(b)
Fig. 13. Temperature evolution profiles (Scenario 1).
Table 4

Temperature gradient and time shift of the different PCM distributions (scenario

1.

Storage phase Release phase

AT Time shift AT Time shift
Q) (min) Q) (min)
Homogeneous wall “Case 0,8 14 2.3 28
1
Bilayer wall “Case 2” 2 56 0,8 70
Matrix/Inclusions “Case 0.4 28 0.7 28
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Fig. 14. Temperature evolution over 24 h for the different walls studied (sce-
nario 2).

temperature (19 °C). Then, it was noticed a temperature decrease AT of
about 1 °C, 0.7 °C and 0.1 °C and a time shift of 84 min, 42 min, and 28
min during the release phase for the Homogeneous wall “Case 17, the
Bilayer wall “Case 27, and the Matrix/Inclusions “Case 3” respectively.

Table 5 presents the Temperature difference and time shift between
the different walls for scenario 1.

In general, it can be noticed from the simulation results that the
presence of PCMs leads to the decrease of both temperature peaks and
fluctuations. However, in the case study 3, the temperature decrease was
not significant. AT = 0.3 °C with a time shift of 28 min). This result can
be attributed to the small quantity of PCM capsules in the wall (3%).

On the other hand, the homogeneous wall “Case 1” presents a good
temperature decrease and a time shift during the two phases (storage
and release) whereas the Bilayer wall “Case 2” shows an important drop
of temperature AT = 3 °C during the storage phase, but this performance
was limited during the release phase with AT estimated to 0.7 °C. During
the two phases, the time shift was constant and equal to 42 min.

In any case, the energy efficiency of PCM wallboards was enhanced
compared with the reference one, but once again the case study 2 can be
distinguished by a better thermal performance comparing to the Cases 1
and 3.

4.2.2.3. Scenario 3: Tin variable; Toe = 27 °C; hi=4 Wm 2K % h, =
16 Wm 2 K. Fig. 15 shows the temperature evolution under time on
the different walls studied in the third scenario.

The analysis of the above results shows that for the case of a ho-
mogeneous distribution “Case 17, the maximum temperature reaches
26.3 °C after 9 h 6 min, while the maximum temperature of the reference
wall is 27.2 °C after about 8 h 24 min. It was recorded a time shift of 42
min and a temperature gradient of 0.9 °C during the storage period.

For the Bilayer wallboard “Case 27, the temperature exhibits a
variation from 19 °C to 25.6 °C while the temperature of the reference
wall varies from 19°C to 27.2 °C. Moreover, the maximum peak of the
temperature in the bilayer wall appears with a delay of 1h and 24 min
compared to that of an ordinary wall, which means that the thermal
inertia of the PCM-concrete was enhanced.

The placement of the PCM layer helps to maintain a certain level of
comfort in the room with a resulting temperature evolving sinusoidally
above the initial temperature. Also, it can be seen that the temperature
does not increase significantly above the melting point of PCMs (26 °C).

For the case study 3 with a Matrix/Inclusions distribution, we notice
that the temperature presents a general appearance similar to that of the
reference wall except during periods of low exchanges (at the end of the
release period), where significant differences between the two walls can
be observed. It was recorded a maximum temperature of 27.2 °C after 8
h and 24 min for the concrete wall while it reaches only 26 °C after 8 h
and 38 min for the Microcapsules PCM-Concrete wall.

Table 6 presents the Temperature difference and time shift between
the different walls for scenario 3.

We note that the bilayer wall presents the best performances: an
important decrease in the temperature fluctuations (AT = 1.6 °C) and a
time shift of 1h 24 min and 42 min respectively between maximum and
minimum temperatures reached compared to the reference wall.

Table 5
Temperature gradient and time shift of the different PCM distributions (scenario
2).

Storage phase Release phase

AT Time shift AT Time shift
[§9)] (min) Q) (min)
Homogeneous wall “Case 1.5 70 1 84
17
Bilayer wall “Case 2” 3.0 42 0.7 42
Matrix/Inclusions “Case 0.3 28 0.1 28
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Fig. 15. Temperature evolution over 24 h for the different walls studied (sce-
nario 3).

Table 6
Temperature gradient and time shift of the different PCM distributions (scenario
3).

Storage phase Release phase

AT Time shift AT Time shift
(O] (min) Q) (min)
Homogeneous wall “Case 0.9 42 0.2 14
1
Bilayer wall “Case 2” 1.6 84 0.3 42
Matrix/Inclusions “Case 1.2 14 0.4 14
3

It shall be noted that the performance of the matrix/inclusions wall
(Case 3) in comparison with the homogeneous wall (Case 1) in the
scenario 3, could be attributed to the fact that in this scenario, the
interior temperature is variable in contrast with the previous scenarios 1
and 2, however external temperature is constant. Accordingly, the
thermal fluctuations are not very high. Thus, the presence of the
microencapsulated PCMs dispersed in the concrete matrix is enough to
attenuate those fluctuations.

5. Conclusions

In this work, a finite element numerical method was used for the
thermal simulation of concrete wallboards impregnated with phase
change materials. Based on the experimental measurements of the
temperature evolution, derived from a DesProTherm original setup
developed in laboratory, this method allows the simulation of the
thermal response of a PCM-concrete wallboard under different climate
configurations. The comparison of the Data with the numerical findings
have shown a good correlation in terms of the temperature evolution
results. This allows the validation of the numerical tool and its gener-
alization to the case of PCM-concrete full-scale wallboards.

Furthermore, the analysis of the results gathered from the different
cases of PCM distributions highlighted an enhancement of the thermal
inertia of the PCM-wallboard and a better energy efficiency especially in
the case of a bilayer configuration (PCM/concrete). This finding can be
explained by the presence of a pure PCM layer which could have played
the role of a barrier absorbing the heat excess and delaying the tem-
perature peak to later time. The time delay can be synonym of the energy
efficiency of the used PCMs since the shift of the temperature peak to
later times can imply a less use of the air-conditioning systems by the
occupants and lead accordingly to economic and environmental bene-
fits. Besides, it shall be noted that a better energy efficiency of PCMs
could have been ensured if the PCM layer was thicker than the studied
case of 0.5 cm since the thermal inertia and heat storage capacity of PCM
layer are higher than those of concrete.

For all the studied scenarios, the numerical developed tool has

shown its reliability to offer a fast prediction of the thermal response of
PCM wallboards, saving thereby a heavy experimental campaign. This
tool can also be used to achieve simulations with more severe conditions
based on several international climates.

Work is now undertaken in laboratory to experimentally investigate
the thermal efficiency of the PCM-concrete wallboards equipped with a
monitoring system in order to study their behavior under real weather
conditions. In future, it would also be interesting to generalize the nu-
merical developed tool to the case of a full-scale test cell with PCMs in
order to improve our understanding about the effective contribution of
PCMs at the building scale.
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