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Optimum Melting Temperature and Latent-Heat Contribution of a PCM
Layer in Multilayer Walls for Mediterranean, Semi-Arid and Hot Desert
Climates
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Abstract. The main objectives of the paper are to determine, for three climatic zones (Mediterranean
coast, semi-arid High Plateau and hot desert), the optimum melting temperature of a PCM layer in a
wall for each position and orientation, and, as a new contribution, to separate the benefit of the latent
heat from that of the added layer. These objectives were achieved with an enthalpy model verified
against the Stefan solution (within 0.2 %), in a periodic regime, for a typical and a heat-wave day of one
site per zone. Three PCMs melting within the temperature range of the wall were compared, RT-27 (28
°C) was retained, and its melting temperature was varied from 18 to 44 °C. RT-27 lowered the maximum
internal surface temperature by 1.3 °C (median); the latent heat accounted for only 0.1 to 0.5 °C at the
optimum melting temperature (20 % of the reduction, median); this optimum, close to the mean daily
temperature at the layer, was 28 to 30 °C (walls) and 32 °C (roof) between the bricks on the coast and
the High Plateau, and 32 to 35 °C and 38 °C in the Sahara; polystyrene insulation of equal thickness
lowered the temperature more than the PCM. The significance is that, on thermal grounds, a PCM layer
does not replace insulation, because most of its benefit comes from the added layer, and that its melting
temperature should be chosen from the mean daily temperature at the layer, not set to a standard value.
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Temperatura optima de topire si contributia caldurii latente a unui strat de material cu schimbare de faza
(PCM) in pereti multistrat, pentru climate mediteraneene, semiaride si de desert cald
!Belkacem N., 2Missoum M., 'Benciamma S.
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2Universitea din Tipaza, Chlef, Algeria
Rezumat. Obiectivele principale sunt determinarea, pentru trei zone climatice (coasta mediteraneana, platourile
inalte semiaride si desertul cald), a temperaturii optime de topire a unui strat de material cu schimbare de faza
(PCM) integrat intr-un perete de cladire, in functie de pozitia si orientarea acestuia. O contributie noua a lucrarii
consta in separarea beneficiului adus de caldura latenta de cel oferit de simpla prezenta a stratului adaugat. Aceste
obiective au fost atinse utilizind un model entalpic unidimensional, verificat prin comparatie cu solutia analitica
Stefan (cu o eroare de 0.2%), in regim periodic, pentru o zi tipica si o zi de canicula dintr-o locatie pentru fiecare
zond. Au fost comparate trei PCM-uri a caror temperatura de topire se afld in intervalul atins in perete; RT-27 (28
°C) a fost retinut, iar temperatura sa de topire a fost variata intre 18 si 44 °C. RT-27 a redus temperatura maxima
a suprafetei interioare cu 1.3 °C (mediana); aportul caldurii latente a fost de doar 0.1-0.5 °C la temperatura optima
de topire (mediana de 20% din reducere); aceasta temperatura optima, apropiatd de temperatura medie zilnica de
la pozitia stratului, a fost de 28—30 °C pentru pereti si 32 °C pentru acoperis, intre caramizi, in zonele de coasta si
pe platourile inalte, respectiv 32-35 °C si 38 °C in Sahara; izolatia din polistiren de aceeasi grosime a redus
temperatura mai mult decat PCM-ul. Semnificatia consta in faptul ca, din punct de vedere termic, un strat de PCM
nu inlocuieste izolatia, deoarece cea mai mare parte a beneficiului provine din stratul adaugat, si cé temperatura
sa de topire trebuie aleasd pe baza temperaturii medii zilnice de la pozitia stratului, nu fixaté la o valoare standard.

Cuvinte-cheie: material cu schimbare de fazd (PCM), transfer termic, simulare numericd, perete multistrat.
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OnTtumanbHasi TeMIepaTypa IUIaBJIeHHs] U BKJIA/ CKPBITOI TenJoThl ()a30BOr0 Nepexoaa B
MHOTOCJIOHHBIX OTPAXKIAIOIUX KOHCTPYKIHUAX VISl CPeIH3eMHOMOPCKOr0, MOJIYy3aCyIJIMBOr0 U KAPKOIro
NMYCTBIHHOT0 KJIUMATAa
Beakacem H., 2Muccym M., 'Benmamma C.
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Annomayun. OCHOBHas Lieldb pabOThl — OINpeNeNIeHNe ONTHUMAIbHON TeMIepaTyphl IJIaBIEHUS MaTepHaia C
(azoBeM niepexonom (M®II) B cocTaBe MHOTOCIIOWHOM CTPOUTENEHOW KOHCTPYKITUH TS PA3IHIHBIX BAPHAHTOB
€c pACHOJIOKEHHS W OpUCHTAalMM B TPEX KIMMAaTHYECKUX 30HAX (CPEeAN3EMHOMOPCKOE IO0Epexsbe,
MOJTy3acylUINBbIE BBICOKHE IUIATO M JKapKWe MyCTHIHM). B KkauecTBe HOBOIO HAy4HOTO BKJaJa NPEIUIOKCH
TIOIX0/1, TIO3BOJISTFOIITNH pa3fenuTh 3()(EeKT OT NCIOIB30BaHUS CKPHITOH TEIUIOTH (pa30BOTO mepexona u d3PpQext
0T camoro (akra H0OaBIEHHUS MOMOJHUTEIHHOTO CIIOS B KOHCTPYKIMIO. Iyl pemieHns MOCTaBACHHBIX 3aaad
UCIIONb30BAIaCh  OJHOMEpHAs OHTAIbIMHHAS MOJENb, BepUHUIUPOBAHHAS MYTEM COIOCTABICHUS C
aHaIMTHYeCKUM penieHueM 3anaud Credana (morpemHocts B mpenenax 0.2 %); pacdeTsl BBHINOJHSUINCH B
MNEePUOJUUECKOM pPEeXHUMe JUIs TUIIMYHOTO IHA M JHA aHOMAJbHOM Japhl M0 OJAHOMY IIyHKTY B KaXJOH 30HE.
CpasuuBanucy Tpu M®II, temneparypa miaBlieHHsT KOTOPBIX JEXHT B IUara3oHE TEMIEpaTyp CTEHBI; ObUI
BeiOpan RT-27 (28 °C), u ero temmepaTypa IulaBieHHs BapbupoBajack oT 18 no 44 °C. RT-27 cHumxkaer
MaKCUMaJbHYI0 TEeMIepaTypy BHYTpeHHel moBepxHOCcTH Ha 1.3 °C (Meamana); BKJIaJ CKPBITOM TEIUIOTHI MPH
ONTUMAIILHON TeMIiepaType IiaBieHus cocrtaiseT jumb 0.1-0.5 °C (meguana 20 % OT CHIDKeHHs); 3Ta
ONTHMaJIbHASL TEMIIEpaTypa, OJIM3Kasi K CpefHel CyTOYHON TeMIepaType B MECTe PACIIONOXKEHUS CIOs, ULl CIIOS
MEXIy KHPIHYHBIMEU cinosiMu cocTaBmia 28—30 °C mms ctern u 32 °C g KpoBiIK Ha oOepeskbe U Ha Bricoknx
mwiaro u 32-35 °C u 38 °C B Caxape; U30Js1Usl U3 NEHOMOIUCTUPOJIA TOU K€ TOJLIUHBI CHUXKAET TEMIEPATYPY
cunbHee, yeM M®II. 3HaunMMOCTh 3aK/II0YaeTCsl B TOM, YTO C TEIJIOBOM TOUKH 3peHus cioid M®PII e 3ameHnsieT
TETIOU30JIALIUIO, TIOCKOJIBKY OCHOBHOH 3(p(hekT maeT cam 106aBIEHHBIH CIIOH, M YTO €ro TeMIepaTypy IIIaBICHHUS
clemyeT BbIOMpaTh MO CpeqHEed CyTO4YHOH TemmepaType B MeCTe PAacCIONIOKEHHUs CJI0s, a He NPUHHUMATh

CTaHJApPTHOMU.
Knrouesvie crosa: matepuan ¢ dazoBbiM nepexomom (MDII), Temnonepenaya, 4UCICHHOE MOJCIHPOBAHUE,
MHOT'0CNOIHas orpa)aromas KOHCTPYKIHUS.

INTRODUCTION Lajimi et al. [8] found that a PCM layer close to
the exterior reduces heat transfer more, whereas
Nateghi et al. [9] and Liu et al. [10] found the
inner part of the wall more effective; Kishore et
al. [11] and Zhu et al. [12] showed that the optimal
location depends on the climate.

The thickness of the layer is as important as its
position [13, 14]: a larger thickness reduces
heating and cooling energy [15, 16], up to a
critical value [17]. Dashtaki et al. [18] and
Guermat et al. [19] found that a melting
temperature close to indoor conditions gives the
largest savings, and the optimal phase-transition
temperature depends on the climate and the
season [20-22]. A CenoPCM wall regulates the
indoor surface temperature better [23], and an
optimal incorporation balances thermal and
mechanical performance, with climate-dependent
benefits [24, 25].

PCM wallboards and panels are the most common
way of integrating PCM into buildings, owing to
their easy installation and low cost.

These studies show that the position, the thickness
and the type of the PCM all matter, but most of
them change one parameter at a time, each with
its own wall, climate and boundary conditions, so
the results cannot be compared directly (best
position: exterior in [7, 8], interior in [9, 10],

Through combining initiatives and the acquisition
of knowledge, Algeria is engaged to decrease
energy use in buildings and enhance energy
efficiency within the building sector. However,
rapid urbanization and low-cost construction
mean that most buildings are not climate-
adaptive, built without thermal insulation
considerations, and commonly use double hollow
brick cavity (DHB) [1]. Beyond insulation,
passive solutions such as the incorporation of
phase change materials (PCM) have shown a
positive impact in controlling thermal loads and
achieving energy savings [2].

PCM is a kind of material that can absorb and
release large amounts of latent heat during
melting and solidification processes, thereby
reducing heating and cooling loads, and
maintaining an acceptable thermal comfort, with
an enhanced ability to store thermal energy
compared to conventional materials [3].

PCMs reduce indoor temperature fluctuations [4],
and their efficiency depends on their type,
thickness, location in the building envelope and
local climate [5].

Numerical models have been developed to predict
how the integration of PCM affects the thermal
performance of buildings [6]. Khan et al. [7] and
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climate-dependent in [11, 12]). Wall orientation,
which fixes the solar load and therefore the
melting and solidification cycle, is rarely
combined with position and type, hybrid walls
[26] and PCM geometry [27] are different
guestions, and only a few studies address Algerian
conditions [1, 19]. Optimisation of the melting
temperature has been reported for Algerian
climates at building level [28] but, to our
knowledge, not at wall level for each position and
orientation, nor with the latent heat separated
from the effect of the added layer.

The novelty of this work is threefold. First, the
benefit of a PCM layer in a wall is split, with the
same model, into the part due to the added layer
and the part due to the latent heat, which is rarely
done. Second, the optimum melting temperature
is determined for each position of the layer and for
each orientation of the wall (roof, south, east, west
and north walls), and not for a single wall. Third,
it is determined with the same method for three
contrasted climatic zones, the Mediterranean
coast, the semi-arid High Plateau and the hot
desert, so that the zones can be compared.

The objectives of the article are:

(1) to quantify the effect of a PCM layer on the
internal surface temperature and on the heat flux
of a brick wall;

(2) to find the best position of the layer and to
determine the influence of the orientation of the
wall;

(3) to compare three PCMs whose melting
temperature lies in the range reached in the wall
and to select the reference PCM;

(4) to separate the benefit of the latent heat from
that of the added layer, and to determine the
optimum melting temperature for each position,
orientation and climatic zone, to compare it with
the mean daily temperature of the wall, in order to
give selection criteria for PCM wall panels in
comparable climates.

To reach these objectives, one enthalpy-based
finite-difference model, with the same wall,
boundary conditions and numerical scheme, is
used in a periodic regime, on a typical and a heat-
wave day of one site per climatic zone: the effect
of the PCM, its position, the wall orientation and
three PCMs are compared first, then the melting
temperature is varied continuously and compared
with the mean daily temperature of the wall.

I. THEORETICAL FOUNDATION
A. Energy that a PCM layer can store
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A PCM layer of thickness e and density p
stores latent heat only while it melts, and the
maximum energy per unit area that it can absorb
in this way is

E.x =0.L; € (TY

that is 6.4 MJ/m? (1.8 kWh/m?) for a 0.05 m
layer of RT-27. This energy is used only if the
melting temperature lies within the range of
temperature that the layer reaches during the day,

(T2)

Tmin < Tm < Tmax

where Tmin and Tmax are the daily minimum
and maximum temperatures of the layer. If Tm <
Tmin the PCM stays liquid and acts only as a
sensible layer, and if Tm > Tmax it stays solid.
The range [Tmin, Tmax] is fixed by the position
of the layer in the wall, by the orientation of the
wall, which fixes the solar load, and by the
climate. The melting temperature is therefore the
design variable that links the PCM to a climatic
zone.

B. Separation of the added layer and of the latent
heat

A PCM layer changes the wall in two ways: it
adds a layer with its own thermal mass and
resistance, and it adds the latent heat. To separate
the two effects, three walls with the same
geometry and boundary conditions are compared:
the reference wall without PCM (index 0), the
wall with the layer whose latent heat is set to zero
(Lf = 0, index L), which keeps the density, the
specific heat and the conductivity of the PCM, and
the wall with the PCM (index P). For an indicator
Y (the maximum internal surface temperature
Tsi,max, or the daily heat gain), the effect of the
added layer and the effect of the latent heat are

AYIayer = Y0 _YL’ AYIat = YL _YP (T3)
their sum is the total effect,
AYtot = YO _YP = AYIayer + AYIat (T 4)

and the share of the latent heat in the total
effect is

AY,, 1 AY,

O =0y tot (T 5)
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Because the layer L and the PCM have the
same sensible properties, AYlat is entirely due to
the phase change. It is zero when the PCM is
completely liquid or completely solid during the
whole day, which is the case of the PCMs melting
below the temperatures of the wall and of RT-27
between the bricks in the Sahara.

C. Optimum melting temperature

For a position p, a surface o (roof, south, east,
west or north wall) and a zone z, K design days k
are considered (here K = 2: a typical sunny day
and a heat-wave day). The loss of a melting
temperature Tm on day k is the excess of the
maximum internal surface temperature over its
lowest value obtained when Tm is varied,

rk (Tm) :Tsi,max,k (rm)_min Tsi,max,k(r') (I-G)

and the optimum melting temperature is the one
with the lowest mean loss,

T ,=argmin(l/K)> r(T,) (T7)

The same mean loss, evaluated for a
commercial PCM (Tm = 28 °C for RT-27),
measures what is lost by not choosing the melting
temperature of the zone. The indicators are
computed with the model of Sections Il and IlI,
which is applied in Sections 1V and V to the three
climatic zones.

Il. PROPOSED MODEL

Exterior walls are the largest surface area of a
building in contact with the outside environment.
They are constantly exposed to variable weather
conditions and are a primary source of heat losses
in winter and heat gains in summer. Therefore,
they have gained special attention for the
integration of PCMs in building walls to control
indoor temperature and reduce energy
consumption while balancing the greenhouse
effect [24].

Figure 1 shows the vertical cross-sectional
area of the walls considered in this study. Figure
1 (a) depicts the typical wall assembly (no PCM),
presenting a typical wall of a building in these
climates, consisting of a single 30 cm brick [29].
PCM can be integrated into the wall in various
ways, and each of these methods has certain
advantages and disadvantages.

(a)

Inside Outside

Fig.1. Vertical cross-section of the: (a) typical
brick wall without PCM integration, (b) PCM
integrated wall containing a layer of PCM between
brick layers.

Obtaining uniform PCM distribution in the
building materials is usually difficult [3]. Here, a
PCM layer is sandwiched inside the wall between
two bricks, as shown in Figure 1 (b).

Table 1 and table 2 depict the material
properties of the different components of the wall
considered in this study [29, 30].

Table 1
Brick properties
Brick
Dimension (m) 0.3x0.2x0.15
Specific heat C (_J_) 840
kg.K
Density p ( k—gB) 1800
m
Thermal conductivity A (ﬂ ) 0.72
m.K
Table 2
PCM properties (Rubitherm RT-27)
PCM RT-27
Class Organic
Type Paraffin
Melting temperature Tm (°C) 28
i kJ
Latent heat of fusion Lf ( K<) 147
kg
Specificheat C (_J )
koK 2000
k
Density p (—g3 ) 870
m
.. w
Thermal conductivity A (—) 0.2
m.K
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This selected PCM is widely utilized in
building applications, easily available, and its
thermophysical properties are well known.
Organic PCMs (paraffins) are safe and recyclable,
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whereas inorganic PCMs (salt hydrates) have a
high storage capacity, good conductivity and low
cost [31]. RT-27 was chosen a priori as a widely
used paraffin whose melting temperature (28 °C)
is close to the comfort temperature and above the
initial temperature of the wall, so that it melts
during the day[32]; the comparison of three PCMs
(Section V.D) then confirms that it gives the
largest reduction. The properties of Table 2 are the
manufacturer values; other sources report a
melting range of 24.5 to 30 °C and a latent heat of
147 to 189 kJ/kg for RT-27, so the effect of this
variability is discussed with the limitations.

I11. DISCRETIZATION AND
MATHEMATICAL MODELING

A. Physical model

The PCM integrated wall considered in this
study is a multilayer wall with exterior and
interior wallboards, each having thickness of 0.15
m, while the PCM layer has a thickness of 0.05 m,
resulting in total wall thickness 0.35 m. As shown
in figure 02, yellow nodes (n for indoor and o for
outdoor) represent boundary nodes of the wall,
capturing convection and radiation boundary
conditions. Red nodes represent interior solid
nodes, indicating the temperature profile and ther
mal storage inside the brick material. Green
nodes, situated at the interface between the brick
layer and PCM, denote the thermal contact
between the two distinct materials. Blue node
denotes monitoring of heat transfer in the PCM
core.

Outside surface

Layer 2

Fig 2. Discretization of a PCM-integrated wall.

B. Boundary conditions
The outside wall surface is exposed to a
convective heat transfer , characterized by (hc,

T, ), aradiative heat transfer ¢, characterized

by (h,,, Tsky), in addition to a fraction of the

incident solar energy | [33, 34]. The total heat
exchange at this boundary is expressed by the
following relation:

—z[;—T =axl+h x(T T )+h, x(Tsky -Tx:o) (1)
Xx:O

Where, the apparent sky temperature is calculated
based on (T, ) using the following relation:

Ty = 0.0552T,° )

And, the radiative heat transfer coefficient on the
outside of the multi-layer wall is calculated using
the following expression:

hr o =¢0 (Tsiy +T)(2=O)(Tsky +Tx=0) (3)
The inside wall surface is exposed to a convective
heat transfer, characterized by (h.;,T, ;) and is

expressed by the following relation:

Inside and Outside

a,l P A g Py A, ¢ nodes
@ Brick node
h T @ O @ @ @ *—@ o— —4q
v ? T shy
Between layers
hl 1 T Axl Ax2 Axl | Ax2 Ax2 nOde
? 3 @ PCM node
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Fig 3. Discretization of N-layers wall and boundary conditiv. o™ *
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a
OX

-1

=hej x(TX:L —Ti) (4)
x=L

C. Mathematical model

To predict the thermal behaviour and Phase
Change Material (PCM) transition across the wall
assembly, a dynamic heat transfer model was
developed using the enthalpy method. This
approach handles the moving phase-change
interface without requiring explicit tracking of the
moving boundary. To formulate the governing

transport equations while maintaining
computational  efficiency, the  following
simplifying assumptions are made:

¢ One-dimensional heat transfer

(unidirectional);
o Negligible thermal resistance between layers;
¢ Heat propagation in the wall occurs only by
conduction;
¢ No heat generation is considered;
¢ The solid body is considered homogeneous;
Temperature profile in x-direction, T(x), is given
by the following partial differential equation [35,
36]:

oT o1
Ch—=A—— (5)
Pp ot Ox?

Incorporating volumetric enthalpy into the one-
directional transient heat conduction equation yields
the following governing equation:

oH(t) _ xﬂ ©)
ot ox2

Where H denotes the total volumetric enthalpy

expressed in (LS) and A is the thermal
m

conductivity of the material in (W/m.K).
Knowing the enthalpy at a given time step [37,
38], the corresponding temperature is determined

using the following enthalpy-temperature
relationship:
H
T= (7)
Cxp

D. Discretization

The schematic in Figure 3 depicts the
discretization and applied boundary conditions
for the multi-layer wall. The transient governing

transport equations were solved numerically
using an explicit finite-difference method scheme.
The domain spatial step Ax and computational
time step At are defined as follows:

Ax=LxN, -1 8

At=t_ xN, 9)

Where L represents the total wall thickness,

N, is the total number of spatial grid nodes, t

denotes the total simulation period, and N, is the

total number of temporal increments.

The considered wall of N layers was discretized
into a number of nodes and the equations were
derived by applying the overall energy balance
[39, 40], with AX1 = AX2 = AX:

T _ T, -2T+T,

10
ox? Ax? o
Hin+1 = Hin + /If: (Tiil - 2Tin +Ti21) (11)

For both boundary conditions (inside and
outside nodes), the application of the boundary
conditions leads to the following two relations:

2h At
kel gk [ Ay (2Rt 2hgAt 2 gAY oAt
Hy _HO{AXZ L'k o2 T A o+ ™ hc,1T0+hr,oTsky+a|

(12)

2h. At
HK+1=Hk 4] Al Tk | e } ZhCZAta o irk.[ 28t (h T—)
n N Ax2 | N1 A2 AX AX n'lax Nc2i

(13)

Inside the Phase Change Material (PCM)
domain, tracking temperature alone is insufficient
to describe the thermodynamic state during phase
transformation. To overcome this limitation, the
enthalpy method is employed, where H
represents the total amount of thermal energy per
unit volume.

¢ Inthe PCM domain, the spatial discretization
scheme applied to the PCM layer remains
identical to that of the solid brick region, with
the governing equations modified to
incorporate the phase change effect.

e For an isothermal phase change, the melt
PCM mass fraction f is expressed as a

function of the local enthalpy as follows :
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0
f=maxy H -H (14)
min| 1, ——="—
liquid - Hmelt
0->T<T, solid
fq 0tol>T=T, Mix (15)
15T >T, liquid
H-H
f. — i melt 16
T (16)

liquid ' "melt

e The thermophysical properties of the PCM as
a function of liquid fraction are given as:

4 :(1_ fi)/is + i (17)
pPi = (1_ f; )ps +fip (18)
C, =(1-f)C,+ fC, (19)

The temperature in PCM region is calculated as
follows:

Before melting

T=Tf7LL

C (20)

S

After melting

H-pL,

T=T +
oG,

(21)

e During melting
Enthalpy-temperature relationship:
Solid state

Hs :ps'cs (T _Tf) (22)

Liquid state
H|:P|'C|<T_Tf)+/3|'|-f (23)

Finally, the corresponding sensible volumetric
enthalpy is calculated using the following
relationship:
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2K at
i+1

KAt
i-1

Ax?

At « (24)

T« - :
i+1

i-1

HK+1 o pky (/1_" 4 aK )T_k+
i i i-1 i+1/i AX2

AX2
For an interface node that lies between the two
layers (Brick and PCM), it is expressed as:

Te -

),1 ( j(ﬂpme)Tiu(l;fjm (25)

The calculation process initiates with the
definition of physical and geometric data, material
thermophysical properties, meshing parameters.
Then, it initializes the enthalpy distribution across
layers. Next, boundary conditions (indoor and
outdoor temperatures, convection coefficients) are
then defined. The simulation dynamically updates
the thermophysical properties, including the
calculation of the melted fraction in the PCM
zone, which allows the evaluation of the material’s
effective properties. At each time step, the
temperature is recalculated from the enthalpy,
which is itself updated using an explicit scheme.
Radiative heat transfer is also accounted through
the calculation of the radiation coefficient. Finally,
internal and external heat fluxes are evaluated, and
the results are visualized in the form of
temperature profiles and flux graphs. The entire
process is represented in the flowchart shown in
Figure 4.

The following data have been considered:

The initial temperature distribution is taken
uniform across the whole wall (25 °C),
corresponding to the indoor air temperature.
The same day is repeated until the periodic
regime is reached (Section IV.A). The wall
without PCM is 0.30 m thick; with the 0.05
m PCM layer the total thickness is 0.35 m.
The convective heat transfer coefficients at
the outdoor and indoor sides are taken as 10
W/m?K and 8 W/m?>-K, respectively; the
radiative exchange of the outer surface with
the sky is computed with equations (2) and
(3).

The ambient air temperature and the solar
radiation on each surface are the hourly
values of a typical sunny day and of a heat-
wave day of each climatic zone, taken from
PVGIS [41] (Section IV.A); the typical days
are shown in Fig. 5.

The absorptivity and the emissivity of the
outer surface are 0.6 and 0.85, and the indoor
air temperature is 25 °C.

The initial temperature of the wall is 25 °C
and has no effect on the periodic regime. For

2t

AX?

At

Het = He +(
' ' AX?
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PCMs given with a melting range, the phase
change is taken as isothermal at the mean
value of the range.

E. Performance indicators

In addition to the temperature profiles, four
indicators are taken from the last day of each
simulation: the maximum internal surface
temperature, the daily amplitude of the internal
surface temperature (maximum minus minimum),
the maximum heat flux at the internal surface, and
the daily heat gain through the internal surface
(heat flux integrated over 24 h). The heat flux is

0 = hc'i (Ts’i -T.), where Ts’i:TX:L is the

internal surface temperature (Eq. (4)), T is the

indoor air temperature and h_;is the indoor

convective coefficient; Q;is positive towards the

room. The reduction of the daily heat gain is given
relative to the wall without PCM.

P Data input
(Input Parameters: Material properties, Boundary conditions,
S~ Initial temperature distribution, Geometry/mesh details) o

S —

Initialize enthalpy

Boundary conditions
(fixed temperature, heat flux, convection/radiation,
Modify equations at boundary nodes)

|

’ Updating and calculating fractions ‘

|

’ Update thermos-physical properties ‘

(Adjust properties based on: Temperature-
dependent models, Phase fractions)

|

’ Calculate temperature distribution ‘

l

’ Update enthalpy l

Il

l

’ Updating temperature ‘

|

v
’ Calculate hyaa ‘

|

Calculating Qun , H ‘

1

Visualizing results B
(Outputs: inside wall temperature, Phase distribution, Heat flux vectors, \
N\ Transient evolution graphs) P

Fig 4. Computational procedure flowchart.
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Fig 5. Hourly solar radiation on the five surfaces
(continuous, dashed and dash-dotted lines) and air
temperature (dotted line) of the typical sunny day

of the three climatic zones: (a) Mediterranean
coast, (b) High Plateau, (c) Sahara.

F. Numerical parameters and verification

The explicit scheme is stable only if the time
step is below a limit, which is 6.6 s with Ax =2.5
mm (set by the brick nodes). A mesh of N = 141
nodes and At = 3 s, about half of this limit, was
used for the 0.35 m wall. Taking Ax = 1.25 mm
and At = 0.75 s as reference for RT-27 between
the bricks, the maximum internal surface
temperature changes by 0.001 °C, the maximum
heat flux by 0.008 W/m? and the daily heat gain
by 0.17 %; the energy balance is closed to
machine precision (relative error below le-12 %).
The phase-change treatment was verified against
the analytical (Neumann) solution of the Stefan
problem: melting of a 0.4 m slab of RT-27,
initially at 25 °C, with the surface kept at 45 °C.
After 6 h the melting front is at 31.3 mm in the
analytical solution and the numerical value differs
by 0.18 %; the maximum temperature deviation is
0.10 °C and the rms deviation is 0.019 °C (Fig. 6).
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Fig 6. Verification of the study model against the
analytical solution of the Stefan problem after 6 h
(RT-27, surface at 45 °C).

IV. APPLICATION TO THREE CLIMATIC
ZONES OF ALGERIA

A. Climatic zones, data and simulation cases

The general approach of Sections | to Il is
applied to three climatic zones of Algeria, with
one site per zone, a typical sunny day and a heat-
wave day for each site, and the five surfaces (roof
and four walls). The wall without PCM is
analysed first (Section V.A), then RT-27 is
studied for the three positions and the five
orientations (Sections V.B and V.C), three PCMs
are compared (Section V.D), and the melting
temperature is varied (Section V.E).

The simulations are made in a periodic regime:
the daily profile of outdoor temperature and solar
radiation is repeated until the maximum internal
surface temperature of two consecutive days
differs by less than 0.005 °C, the last day is
analysed, and the indoor air is at 25 °C. The same
model (Ax = 2.5 mm, At =3 s) was applied to one
representative site per climatic zone: the
Mediterranean coast (hot-summer Mediterranean
climate, Koppen Csa; 36.76° N, 2.95° E), the
High Plateau (semi-arid, BSk; 34.68° N, 3.25° E)
and the Sahara (hot desert, BWh; 31.96° N, 5.36°

E), with hourly PVGIS data of 2023 (ERA5-Land
air temperature, 9 km grid) [41]. The radiation on
the five surfaces (horizontal, and vertical walls
facing south, west, east and north) was taken
directly from PVGIS for fixed planes, so no
transposition model was needed. A typical sunny
day and a heat-wave day were selected for each
site with the same rule. The melting temperature
was varied from 18 to 44 °C with the other
properties of RT-27, and each case was compared
with the same layer without latent heat. The
typical day reaches 33, 36 and 43 °C in the three
zones (Fig. 5), with a peak global horizontal
radiation of 911, 932 and 986 W/m?, and the heat-
wave day 45, 39 and 49 °C: the zones differ
mainly by the air temperature.

V. RESULTS AND DISCUSSION

All the results are given for the periodic regime
(Section IV.A): the last day of the simulation is
analysed, for a typical sunny day and a heat-wave
day of each zone and for the five surfaces. The
wall without PCM is the reference, and the PCM
is RT-27 unless stated otherwise. The numerical
values are collected in Tables 3 to 10, and the text
analyses their variation.

A. Temperature in the wall and effect of the PCM
layer (objective 1)

Table 3 gives the daily minimum, mean and
maximum temperature at the three positions of the
layer in the wall without PCM. The exterior
position follows the outdoor air and the solar load
(Fig. 7) and has the widest range, the interior
position stays close to the indoor air temperature,
and the position between the bricks is in between,
with a delay of several hours. The mean
temperature increases from the interior to the
exterior position, towards the Sahara and on the
heat-wave day.

Table 3

Daily minimum / mean / maximum temperature (°C) at the three positions of the layer in the wall
without PCM (mean of the five surfaces)

. Coast, Coast, heat High High Sahara, Sahara,
Position typical wave Plat_eau, Plateau, typical heat wave
yp typical heat wave yP
Exterior 21/29/40 | 26/35/47 | 20/30/42 | 24/33/44 | 29/38/48 | 32/41/53
Between bricks | 25/27/30 | 28/31/34 | 25/28/31 | 27/30/32 | 30/33/35 | 32/35/37
Interior 25/26/27 | 27/28/29 | 25/27/28 | 26/28/29 | 28/29/30 | 29/30/31
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Fig 7. Temperature at the three positions of the
layer in the wall without PCM (west wall): (a)
coast, typical day; (b) Sahara, heat-wave day.
The PCM layer lowers the maximum internal

surface temperature and flattens its daily variation
(Fig. 8). With RT-27 the reduction is about 1 to
2 °C on average over the five surfaces (Table 4);
itis larger on the heat-wave day and in the Sahara,
and the daily heat gain through the internal
surface falls by about 30 % in all the cases.

(a) Coast, typical day, west wall
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Fig 8. Internal surface temperature of the west
wall without PCM and with RT-27 at the three
positions: (a) coast, typical day; (b) Sahara, heat-
wave day.

B. Influence of the PCM position (objective 2)

Table 4 compares the three positions of the
layer. With RT-27, the interior position gives on
average the largest reduction, and the exterior and
between-bricks positions almost the same one.
The reason is that the melting temperature of RT-
27 (28 °C) is close to the mean daily temperature
of the interior position (Table 3), but much lower
than that of the exterior position, where the PCM
stays liquid during a large part of the day. At the
optimum melting temperature of each position
(last three columns of Table 4) the three positions
give the same reduction, so the position matters
less than the melting temperature. This explains
why the best position differs in the literature
(exterior in [7, 8], interior or middle in [9, 10]): it
is the one where the mean daily temperature is
close to the melting temperature of the PCM, so it
depends on the climate [11, 12], on the wall and
on the PCM.

Table 4

Maximum internal surface temperature without PCM (°C) and its reduction (°C) with RT-27 and with
the optimum melting temperature Tm* at the exterior, between-bricks and interior positions (mean of
the five surfaces

Zone, day No RT-27 RT-27 RT-27 Tm* Tm* 'I_'m*

! PCM ext. betw. int. ext. betw. int.
Coast, typical 26.9 1.08 1.05 0.95 1.15 1.17 1.14
Coast, heat wave 28.4 1.42 1.39 1.65 1.68 1.68 1.68
High Plateau, typical 27.2 1.15 1.17 1.20 1.30 1.31 1.27
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High Plateau, heat wave 27.9 1.23 1.21 1.38 1.43 1.43 1.43
Sahara, typical 29.0 1.50 1.45 1.60 1.75 1.74 1.75
Sahara, heat wave 30.0 1.82 1.77 1.95 2.09 2.08 2.10

C. Influence of the wall orientation (objective 2)

Without PCM, the maximum internal surface
temperature depends strongly on the orientation
(Table 5): the roof is the hottest, the east, south
and west walls come next, and the north wall is
the coolest, with a range of about 3 °C in all the
cases. With RT-27 between the bricks the
temperatures fall and the range falls to 1.7 to

2.0 °C (Fig. 9). The gain brought by the PCM is
the largest on the roof, where the solar load is the
largest, and the smallest on the north wall, but the
PCM does not make the indoor surface
independent of the facade; part of this levelling
comes from the added layer itself (Section V.E).
PCM panels are therefore most useful on roofs
and on west and south walls.

Table 5
Maximum internal surface temperature (°C) without PCM / with RT-27 between the bricks, by
orientation

Coast, Coast, heat | High Plateau, High Sahara, Sahara,

Surface typical wave typical Plateau, typical heat wave
heat wave

Roof 28.4/26.8 | 30.1/28.1 28.8/27.2 29.6/27.8 | 30.7/28.6 | 31.7/29.3
South wall 26.8/25.7 | 27.9/26.7 27.2125.9 27.4126.3 | 28.4/27.2 | 29.4]27.8
East wall 26.7/25.7 | 28.2/27.0 27.0/25.9 27.7/26.7 | 28.8/27.5 | 29.7/28.1
West wall 27.0/25.7 | 28.6/27.1 27.4125.9 27.9/26.7 | 29.3/27.6 | 30.2/28.3
North wall 25.4/25.2 | 27.2/26.1 25.9/25.4 26.7/25.8 | 27.8/26.8 | 28.9/275
Range 3.0/17 3.0/20 29/17 29/20 29/17 2.8/17
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orientations on the coast, typical day: (a) without
PCM, (b) with RT-27 between the bricks.

D. Influence of the PCM type (objective 3)

Eight commercial PCMs with melting
temperatures from 5 to 29 °C were first
considered. Those melting at 5 to 24 °C (RT-23,
PX-15, RT-5, S19 and HS-21) are below nearly
all the temperatures reached at the layer (Table 3),
so they stay liquid, cannot store latent heat and act
only as sensible storage; they are not studied.
Three PCMs remain (Table 6): RT-27, n-
octadecane and CaCl,'6H,0, with melting
temperatures of 28 to 29 °C.

Time (h)
Fig 9. Internal surface temperature for the five
Table 6
Thermophysical properties of the three PCMs studied
Melting - .
pcM | Name | Class Type |temperature Specmc_heat Volu(rjnetr_lc Latefnt _heat of Tzerm_al_
Tm (°C) capacity mass density usion conductivity
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C(I ) | p(ko) Lf (k) AW
kg-K m3 kg m.K
PCM1| RT-27| Organic | Paraffin 28 2000 870 147 0.20
PCM2| n-
. Pure
Octade| Organic - 28 2400 814 245 0.358
paraffin
cane
PCM3| CaCly- .| Pure salt
6H,0 Inorganic hydrate 29 3020 1700 190 1.00

Table 7 and Fig. 10 show that RT-27 gives the
largest reduction in the three zones, followed by
n-octadecane and CaCl,-6H,O, and that the
reduction is the largest in the Sahara for the three
PCMs. The latent heat contributes little for the
three of them, because their melting temperature
is not the optimum of the position (Section V.E).
RT-27 and n-octadecane both melt at 28 °C and

RT-27 gives the larger reduction, probably
because of its lower conductivity (0.2 against
0.358 W/m-K); CaClz-6H-0, with a conductivity
of 1.0 W/m-K, is the least effective. In agreement
with [18, 19], only the PCMs whose melting
temperature is within the range reached in the wall
can use their latent heat.

Table 7

Reduction of the maximum internal surface temperature (°C) by the three PCMs between the bricks
(median over the surfaces and the two days), share of the latent heat in it and reduction of the daily

heat gain (median)

High Latent heat Heat gain
PCM Coast Plat%au Sahara share (%) reductic?n (%)
RT-27 1.22 1.18 1.59 5 29
n-Octadecane 0.96 0.95 1.16 3 19
CaCly-6H>0 0.69 0.71 0.83 0 8
(a) E. Latent heat, periodic regime and optimum
27.0 { e PR melting temperature (objective 4)
80 N —— RT27 ; To separate the latent heat from the effect of
€% 2659 Y — noOctadecane K the added layer, each PCM was also simulated
@3 /-\iCaCIZ'GHzo / with zero latent heat. With RT-27 at 28 °C the
E £ 26.0 1 M / _C latent heat is a median of 5 % of the reduction
E = Y \\___/ (Table 7), because 28 °C is not the right melting
5 Ea 25.5 7 AN ;! temperature in most cases. When the melting
Mao temperature is optimised, the latent heat lowers
' ' ' ' the maximum internal surface temperature by 0.1
(b) to 0.5 °C (median 0.3 °C) relative to the same
= 0.20 A layer without latent heat, whereas the layer lowers
8 it by 0.3 to 2.5 °C (median 1.2 °C) relative to the
g 0.15 - wall without PCM; the PCM layer at its optimum
h melting temperature lowers it by 0.4 to 2.9 °C
3 0.10 1 (median 1.5 °C) in total, and the latent heat is a
= median of 20 % of it. The reduction depends on
§ 0.051 the melting temperature as shown in Fig. 11: the
S 0.00 I\ Vi curve is flat, equal to the layer without latent heat,
‘ . . . . when the PCM is always liquid or always solid,
0 5 10 15 20 and has a minimum when the melting temperature
Time (h) lies within the range reached at the position of the

Fig 10. Internal surface temperature (a) and mean
liquid fraction (b) of the three PCMs between the
bricks (west wall, coast, typical day).
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Fig 11. Maximum internal surface temperature as
a function of the melting temperature of the layer
between the bricks (west wall): (a) typical day; (b)
heat-wave day. Points: optimum; dotted lines: wall
without PCM; dashed line: RT-27.

Table 8 gives, for each position and each
surface, the optimum melting temperature Tm* of
Eq. (T7). It increases from the interior to the
exterior position, from the walls to the roof and

from the coast to the Sahara, and by 1.8 to 3.5 °C
from the typical to the heat-wave day between the
bricks; among the walls, the north wall has the
lowest value and the east and west walls the
highest. RT-27 (28 °C) is close to the optimum
only at the interior side, and between the bricks in
the Sahara it stays liquid all day. The optimum
varies little with 10 % of solar load (1.0 °C at
most) but rises by 2.0 to 5.0 °C when the indoor
air goes from 25 to 31 °C, so Table 8 applies to
air-conditioned buildings.

The optimum is close to the mean daily
temperature at the position of the layer in the wall
without PCM (Table 3), which is the usual
criterion for selecting a PCM [42]. Table 9 shows
that choosing Tm equal to this mean temperature
gives a mean excess of the maximum internal
surface temperature over its minimum of 0.07 °C,
against 0.04 °C for the optimum Tm* and 0.19 °C
for RT-27; the correlation between the two
temperatures is 0.97, and they differ by 1 °C or
more in 17 of the 42 cases (up to 2.6 °C, exterior
position).

The mean daily temperature of the wall without
PCM is therefore a good first choice, refined by
Table 8.

Table 8 could serve as a starting point for
comparable climates (for instance in North
Africa), but it depends on the daily temperature
and on the indoor air temperature, and no site
outside Algeria was simulated.

Table 8
Optimum melting temperature Tm* (°C) by position and surface (periodic regime, 25 °C indoors)
Position. surface Coast High Plateau Sahara
’ (Alger) (Djelfa) (Ouargla)
Between bricks, roof 32 32 38
Between bricks, south wall 29 29 33
Between bricks, east wall 30 29 34
Between bricks, west wall 30 29 35
Between bricks, north wall 28 28 32
Interior, roof 29 30 32
Interior, south wall 27 27 30
Interior, east wall 27 27 30
Interior, west wall 27 27 31
Interior, north wall 28 25* 29
Exterior, roof 37 35 42
Exterior, south wall 32 30 36
Exterior, east wall 33 32 38
Exterior, west wall 33 31 38
Exterior, north wall 30 26 35

* The optimum, 25 °C, only holds the surface at the indoor air temperature.
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Table 9

Mean daily temperature T at the position of the layer in the wall without PCM, optimum melting
temperature Tm*, and mean excess of the maximum internal surface temperature over its minimum
with Tm =T and with RT-27 (mean of the surfaces)

Position, zone M(%?)T Tm* (°C) Exceff (\:A)I ith T ER)'(IPE287S E’l,’g*)‘
Between bricks, Coast 29.0 29.8 0.16 0.21
Between bricks, High Plateau 29.0 29.4 0.05 0.18
Between bricks, Sahara 33.6 34.4 0.01 0.30
Interior, Coast 27.5 27.5 0.02 0.14
Interior, High Plateau 27.4 27.8 0.02 0.05
Interior, Sahara 29.9 30.8 0.07 0.18
Exterior, Coast 31.9 33.0 0.12 0.17
Exterior, High Plateau 31.8 30.8 0.07 0.18
Exterior, Sahara 39.6 37.8 0.06 0.26
All cases 31.3 31.4 0.07 0.19

As the latent heat is small, the layer thickness
should be studied together with Tm.

Comparison with conventional insulation. The
0.05 m PCM layer between the bricks was
replaced by 0.05 m of expanded polystyrene (p =
30 kg/m?, ¢ = 1400 J/kg-K, A =0.036 W/m-K) for
the roof and the west wall of the three zones, on
the typical and heat-wave days (Table 10). The
insulation lowers the maximum internal surface

temperature and the daily heat gain more than the
PCM, even at its optimum melting temperature.
On thermal grounds alone, a PCM layer therefore
does not replace insulation here, and the latent
heat cannot justify it alone; its interest would
come from its combination with insulation [22],
from effects not studied here (peak shift, winter)
or from its cost, which was not assessed.

Table 10

Insulation compared with the PCM layer between the bricks: median (minimum — maximum) over the
roof and the west wall of the three zones, typical and heat-wave days

Limitations and future work. The model is one-
dimensional and considers conduction only; the
thermal resistance between layers is neglected,
the phase change is isothermal at the mean value
of the melting range (no hysteresis), natural
convection in the melted PCM is not included, and
the density is constant. The properties of RT-27
are manufacturer values and vary between sources
(Section I1); with an earlier set (melting range 28—
30 °C, Lf =179 kl/kg, ¢ = 2400 J/kg-K, L = 0.23
W/m-K) the maximum internal surface
temperature differed by 0.3 °C at most, but the
optimum melting temperature of the heat-wave
day (roof and west wall between the bricks) by up
to 4 °C, so Table 8 depends on the properties
assumed. The simulations use one typical and one
heat-wave day per zone, 2023 PVGIS data for one

. Reduction of max. Ts,i | Reduction of daily heat
Solution °C) gain (%)
0.05 m expanded 3.0 (1.6 - 4.9) 70
polystyrene
PCM at its optimum Tm* 20(1.3-2.9) 29
RT-27 (28 °C) 1.6 (1.3-2.4) 29
site per zone, assumed absorptivity and

emissivity, an indoor air at 25 °C and a PCM
thickness of 0.05 m; cost and durability are not
considered. No experimental

validation was done; the model was verified
numerically (Section I11.F). These points limit the
absolute values, not the comparison between
cases. The next steps are an experimental
validation on a test cell, the coupling with a free-
floating indoor temperature, and the study of the
thickness and of the economic feasibility of the
PCM layer, alone or combined with insulation.

CONCLUSION

In this study, the heat transfer through a multilayer
brick wall with a PCM layer was modelled with
the enthalpy method in a periodic regime, and the
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PCM position, the wall orientation and the PCM
type were analysed in one framework for three
climatic zones of Algeria (Mediterranean coast,
semi-arid High Plateau and hot desert), on a
typical sunny day and a heat-wave day.

The model was verified against the analytical
solution of the Stefan problem. The main findings
are:

With RT-27, the maximum internal surface
temperature falls by 1 to 2 °C on average over
the five surfaces (up to 2.5 °C for the roof) and
the daily heat gain by about 30 % (Table 4);
the effect is larger on the heat-wave day and in
the Sahara.

The position of the layer matters less than its
melting temperature: with RT-27 the interior
position is slightly better, and at the optimum
melting temperature of each position the three
positions give the same reduction.

The orientation changes the maximum internal
surface temperature by about 3 °C without
PCM and by about 1.7 to 2.0 °C with PCM, so
the PCM is most useful on the roof and on west
and south walls.

Among the three PCMs whose melting
temperature is reached in the wall, RT-27
gives the largest reduction, followed by n-
octadecane and CaCl.-6H.O; PCMs melting
below the temperatures of the wall act only as
sensible storage.

At the optimum melting temperature, the PCM
lowers the maximum internal surface
temperature by 0.4 to 2.9 °C (median 1.5 °C),
but the latent heat adds only 0.1 to 0.5 °C
(median 20 % of the reduction): most of the
benefit comes from the added layer.

The optimum melting temperature increases
from the interior to the exterior position, from
the walls to the roof and from the coast to the
Sahara. Between the bricks it is 28 to 30 °C for
the walls and 32 °C for the roof on the coast
and the High Plateau, and 32 to 35 °C and 38
°C in the Sahara. It is close to the mean daily
temperature at the position of the layer, which
can be used to select the PCM.

0.05 m of expanded polystyrene lowers the
maximum internal surface temperature more
than the PCM (median 3.0 °C against 2.0 °C at
the optimum melting temperature) and the
daily heat gain by 70 % against 30 %.

Final position. For the brick exterior wall
studied here, in the Algerian climates
considered, a PCM layer is not an effective
stand-alone solution: its benefit is modest (1 to
2 °C), comes mostly from the added layer, and
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is smaller than that of the same thickness of
thermal insulation. A PCM is worth
considering only together with insulation, on
roofs and on west and south walls, and with a
melting temperature chosen from the mean
daily temperature of the wall at the position of
the layer (28 to 30 °C for walls and 32 °C for
roofs on the coast and the High Plateau, 32 to
38 °C in the Sahara) instead of a standard value
such as RT-27; this combination and its
economic justification remain to be assessed.
These results give criteria for the selection and
placement of PCM wall panels in buildings of
comparable climates. Experimental validation
and an economic assessment, alone or combined
with insulation, are the next steps.
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