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Abstract: Phase change materials (PCMs) designate materials able to store latent heat. PCMs change state from 

solid to liquid over a defined temperature range. This process is reversible and can be used for thermo-technical 

purposes. The present paper aims to study the thermal performance of an inorganic eutectic PCM integrated into 

the rooftop slab of a test room and analyze its potential for building thermal management. The experiment is 

conducted in two test rooms in Antofagasta (Chile) during summer, fall, and winter. The PCM is integrated into the 

rooftop of the first test room, while the roof panel of the second room is a sealed air cavity. The work introduces a 

numerical model, which is built using the finite difference method and used to simulate the rooms’ thermal 

behavior. Several thermal simulations of the PCM room are performed for other Chilean locations to evaluate and 

compare the capability of the PCM panel to store latent heat thermal energy in different climates. Results show that 

the indoor temperature of the PCM room in Antofagasta varies only 21.1°C±10.6°C, while the one of the air-panel 

room varies 28.3°C±18.5°C. Under the experiment’s conditions, the PCM room’s indoor temperature observes 

smoother diurnal fluctuations, with lower maximum and higher minimum indoor temperatures than that of the 

air-panel room. Thermal simulations in other cities show that the PCM panel has a better thermal performance 

during winter, as it helps to maintain or increase the room temperature by some degrees to reach comfort 

temperatures. This demonstrates that the implementation of such PCM in the building envelope can effectively 

reduce space heating and cooling needs, and improve indoor thermal comfort in different climates of Chile. 

Keywords: phase change material; thermal energy storage; building; space heating and cooling; energy 

efficiency; designbuilder 
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Nomenclature 

Latin symbols

Cp Specific heat capacity/J·(kg·K)–1 in Inside

h Coefficient of convection/W·(m2·K)–1 m Correspondent material

k Thermal conductivity/W·(m·K)–1 o Outside

L Length of the panel/m PCM PCM in the panel

q Irradiation/W·m–2 s Sun

T Temperature/°C si Inner surface

t Time sky Sky

x System abscise/m so Outer surface

Greek symbols ∞ Outside ambient air

α Absorptivity Dimensionless number

ε Emissivity f Implicit coefficient

ρ Density/kg·m–3 Gr Grashoff number

σ Stefan-Boltzmann constant/W·m–2·K–4 Nu Nusselt number

Subscripts Pr Prandtl number

air Air in the panel Re Reynolds number

i Volume cell number

1. Introduction

The energy consumption of the building sector 

(commercial, public, and residential) accounted for 23% 

of the total primary energy consumption in Chile with 6.5 

million tons of oil equivalent (Mtoe) in 2020, according 

to the Ministry of Energy [1]. Since more than half of 

this (53%) is attributed to space heating and cooling [2], 

the thermal performance of building envelopes played an 

important role in the energy conservation of buildings [3]. 

A sustainable built environment requires buildings to 

be constructed with energy-efficient envelope materials 

to achieve low heating and cooling loads [4]. One 

energy-saving concept is to use latent heat storage in 

phase change materials (PCMs) within the building 

envelope for space thermal control [5, 6]. It has been 

demonstrated that PCM-enhanced building envelopes 

offer higher heat capacity per unit volume than 

conventional building materials [7] and provide the 

benefit of increased thermal inertia [8, 9]. 

PCMs store incoming thermal energy in the form of 

latent heat as the ambient temperature increases above 

their melting point and reject it when the ambient 

temperature drops below their freezing point [10]. This 

form of thermal energy storage is due to the energy 

associated with the molecules bonded to each other. 

Thermal energy is released when the bonds break or new 

bonds are formed. It is dependent on the type of reaction, 

the materials involved, and the extent of the reaction [11]. 

The use of active thermal PCM within the building 

envelope can smooth the temperature fluctuations of 

interior space, lower the space heating/cooling energy 

consumption of buildings, and improve the thermal 

comfort of the indoor environment [12–17]. This is due 

to PCM’s high energy storage density and approximate 

stationary temperature when the phase change takes place 

[18–20]. 

PCMs received considerable attention recently, 

particularly in exploring the effectiveness of PCMs in 

improving indoor thermal comfort in buildings [5, 21]. 

However, despite the extensive research about PCM 

applications in buildings [22], a lot of work remains for 

PCMs to fulfill certain fundamental criteria practically 

and reliably: 

(1) PCM selection: Efforts are still needed to establish 

material suitability depending on PCM thermo-physical 

characteristics to match load requirements for different 

types and shapes of buildings, in different climate areas 

and during different seasons. The most appropriate 

melting temperature, the latent heat of fusion, and the heat 

conductivity of PCMs must be the first consideration [23]. 

(2) PCM application within the building envelope: 

Direct immersion and impregnation of building envelope 

elements are the simplest and most economical methods 

[24], but micro-encapsulation of PCMs, particularly 

shape-stabilized PCMs, is a promising technic due to its 

effectiveness in reducing the danger of leakage as well as 

its relatively low cost [25]. Yet, the ratio of PCM-to- 

conventional materials in the building envelope, the 

position, and the thickness of PCM panels depend on the 

building’s architectural characteristics, and the location 

climate. It is fundamental to optimize these parameters to 

achieve successful PCM applications in buildings. 

(3) Safety and long-term behavior: Aspects of safety 
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such as mechanical destruction limit of structure [26], 

and high flammability [27] are important issues, which 

can limit the commercial viability of PCMs. There is a 

need to evaluate experimentally the durability of PCM 

building elements, their long-term thermal behavior, and 

their fire-resistance rating. Also, PCMs should not pose a 

risk to living health or the environment.  

(4) Heat transfer enhancement: Efforts are still in 

demand to improve PCM thermal conductivity, reduce 

inadequate heat transfer during the phase change process, 

and eliminate supercooling [28, 29]. 

The present paper aims to study the thermal 

performance of a non-toxic inorganic eutectic PCM (48% 

CaCl2+4.3% NaCl+0.4% KCl+47.3% H2O, mass ratio) 

integrated into the rooftop slab of a test room and analyze 

its potential for building thermal management in different 

Chilean climates. The investigation is performed through 

an experiment in two test rooms in Antofagasta (Chile) 

during summer, fall, and winter. The PCM is integrated 

into the first test room’s rooftop slab, while the second 

room’s roof panel is a sealed air cavity. Except for their 

rooftop composition, both test rooms have identical 

design characteristics to evaluate the effect of the PCM 

on the room’s thermal behavior.  

The paper contributes to filling the gap in 

experimental and numerical investigation related to the 

use of the studied PCM for latent heat thermal energy 

storage and energy conservation in Chilean buildings. 

For that purpose, the work introduces a numerical model 

built using the finite difference method (FDM) to simulate 

the thermal behavior of both test rooms. The proposed 

model is verified using DesignBuilder software and 

validated with experimental findings. Then, several thermal 

simulations of the PCM room are performed for other 

Chilean locations to evaluate and compare the capability of 

the PCM panel to store latent heat thermal energy in 

different climates. The paper provides scientifically-based 

evidence that the incorporation of the mentioned PCM 

into the building envelope can effectively reduce the 

energy demand for space heating and cooling in different 

climates of Chile. 

2. Materials and Methods

2.1 General climate conditions 

The experimentation was carried out in Antofagasta, 

which is located in northern Chile between 21°28′ and

approximately 25°55′ south latitude. The regional surface

has a length of approximately 500 kilometers and covers 

an area of 126 049 square kilometers. This region has an 

arid climate, hydrographic scarcity, little vegetation, and 

a relief similar to the rest of the country [30]. The 

average temperature ranges between 9.2°C and 26°C, 

with an average annual precipitation of 3 mm and an 

annual precipitation of 10 mm [31]. It has an average 

wind speed of 9.6 km/h [32]. Regarding solar potential, 

Antofagasta has a daily global horizontal irradiation of 

5.96 kWh/m2, normal direct radiation of 6.74 kWh/m2, 

and diffuse horizontal radiation of 1.73 kWh·m–2 [33]. 

Fig. 1 shows air temperature and normal direct solar 

radiation for a typical year in Antofagasta. 

In addition, to compare the behavior of the PCM in 

other climates, different regions of continental Chile have 

been considered, each representing a different climate. 

Chile has a wide range of climate zones [35], due to its 

large extension from north to south (i.e. from 23.4S 

latitude in Antofagasta to 53.2S latitude in Punta Arenas). 

Thus, one city was selected for each of the main climate 

zones of Chile. Table 1 presents the climate information 

of the selected cities. 

2.2 Experimental set-up 

Two experimental test rooms (1.14 m×1.14 m×1.65 m) 

have been built to investigate the potential of a rooftop 

PCM panel for latent heat thermal energy storage and 

energy conservation. Both rooms have identical 

Fig. 1  Climate conditions for a typical year in Antofagasta [34] 
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Table 1  Climate zones [31, 33, 35] 

City Zone Climate 

Average 

temperature 

ranges/°C 

Daily global 

horizontal 

radiation/kWh·m–2

Daily normal direct 

radiation/ 

kWh·m–2 

Daily diffuse 

horizontal 

radiation/kWh·m–2

Antofagasta North Coast
Desert with maritime 

dominance 
9.2–26 5.96 6.74 1.73

Calama North Desert Desert 0.4–21.2 7.41 10.85 0.70

Copiapó North Transversal Valleys Semi Desert 6.2–29.4 6.44 8.90 0.78 

Valparaiso Central Coast Maritime 7.2–25.8 4.91 5.83 1.45

Santiago Central Inland Mediterranean 4.2–30.6 5.32 6.95 1.20

Concepción South Coast Maritime and rainy 2.9–26.4 4.85 6.44 1.19 

Temuco South Inland
Rainy and cold 

with frequent frosts
4.7–23 4.26 5.31 1.33

Punta Arenas Extreme South Rainy and cold 0.1–10.3 3.16 4.73 1.22 

Fig. 2  Experimental room dimensions: (a) room, (b) rooftop, 

(c) PCM/air panel 

construction characteristics. The walls consist of 50 mm 

sandwich panels (R=1.6 m2KW–1) composed of three

layers, an external and internal stainless steel plate, and a 

high-density expanded polystyrene foam core. The floor is 

made of 15 mm plywood. The rooftop slab consists of an 

airtight stainless steel cavity (1.04 m×1.04 m×0.03 m) (Fig. 

2), containing air in one room and the inorganic eutectic 

PCM under study (48%  CaCl2+4.3%  NaCl+0.4%  KCl 

+47.3%  H2O) in the other room. The stainless steel rooftop 

cavity in both rooms is airtight. This is to avoid heat 

transfer through ventilation on one side and maintain the 

PCM integrity on the other side, as excess moisture can 

alter the PCM composition and performance. The 

experiment is set up in the location of Antofagasta, Chile. 

The properties of the PCM used in the experiment are given 

in Table 2. 

The PCM mixture is prepared by mixing the inorganic 

salts in the appropriate proportion of CaCl2, NaCl, and KCl 

with the correct quantity of distilled water. The mixture is 

then agitated properly until the salts are completely diluted 

in the distilled water. The KCl and NaCl salts help to 

initiate nucleation and to prevent incongruent melting and 

sub-cooling. The total mass of the PCM mixture used is 

53.2 kg, which, is poured in its liquid state into the panel, 

and the whole assembly is sealed properly (Fig. 3). 

Table 2  Technical characteristics of the studied PCM [36, 37]

PCM composition 
48% CaCl2+4.3% NaCl 

+0.4% KCl+47.3% H2O 

Appearance (color) Grey 

Phase change temperature/°C 26–28 

Density/kg·m–3 1640

Latent heat of fusion/kJ·kg–1 188

Thermal conductivity/W·(m·K)–1

Solid 1.09 (0–27°C)

Liquid 0.54 (28°C–60°C)

Specific heat/J·(kg·K)–1 

1440 (0–26.5°C) 

125,000 (26.5°C–28°C) 

1440 (28°C–60°C) 

Fig. 3  Installation of test rooms with and without PCM 

The resistance temperature detectors (type PT100) are 

placed in different depths in the PCM panel with perfect 

sealing (Fig. 4). Temperatures and solar global irradiation 

are recorded using a digital data logger at 30-minute 

intervals for both test rooms during the months of March 

(summer), May (fall), and July (winter). These data 
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include the exterior air temperature, roof outer, and inner 

surface temperatures, the air gap and PCM temperatures, 

and the room indoor temperatures. 

Fig. 4  Temperature sensors set-up 

2.3 Numerical model 

The proposed model is built using the finite difference 

method (FDM) to simulate the experiment. It consists in 

reproducing numerically the behavior of the selected 

PCM and air panels in the structure configuration shown 

in Fig. 5. For simulation purposes, the structure is 

divided into nine finite volume cells, each element 

divided into three volume cells. Both the PCM and air 

panels placed on the top horizontal surface of the 

corresponding test room are studied for thermal behavior 

comparison. As defined by the FDM, median temperature 

values on each cell constituting the system are calculated. 

These median values represent the temperature in the 

middle of each cell. 

Fig. 5  Finite volume grid for the analysis 

For convection, the heat transfer coefficient (h) value on 

the outer surface is calculated based on the prevailing 

velocity of the wind using the Nusselt correlation. 

Regarding the parameters involved, it is important to note 

that the Nusselt number is equal to the intensity of the 

convection times the characteristic length of the studied 

system, divided by the thermal conductivity of the engaged 

fluid, which can be calculated using the following Equation 

(1). 

hL
Nu


 (1) 

The Nusselt number can be calculated using Eq. (2) for 

the upper surface, and Eq. (3) for the lower surface. 
0.5 0.330.664Nu Re Pr (2) 

 0.25
0.54Nu GrPr    (3) 

The respective exterior and interior convection 

coefficients are taken equal to 18 and 5 W·(m2·K)–1, as 

shown in Table 3, where all physical data and assumptions 

are detailed. We note that the implicit factor f is a 

dimensionless number, which can be calculated using Eq. 

(4). 

2

d

d

k t
f

Cp x



(4) 

Table 3  Physical data used in the simulation 

x steel/m 0.003 x gap/m 0.03 

dx steel/m 0.001 dx gap/m 0.01 

ρ steel/kg·m–3 7860 ρ air/kg·m–3 1.23

Cp steel/J·(kg·K)–1 500 Cp air/J·(kg·K)–1 1000 

k steel/W·(m·K)–1 52 k air/W·(m·K)–1 0.024

hso/W·(m
2
·K)–1 18 hsi/W·(m

2
·K)–1 5

dt/s 1800 σ 5.67E–8 

ε 0.9 α 0.6 

f solid 0.923 f liquid 0.457 

The following introduces the statement of the studied 

system and the mathematical formulation including the 

development of the governing equations for all modes of 

heat transfer and the boundary conditions. It is important 

to note that the thermal equations must be adapted to 

numerical equations by approximating the derivatives 

with the Taylor formula. 

2.3.1 Heat transfer process 

The heat transfer processes are studied over 48-hour 

periods. This means that all thermal exchanges are involved 

(i.e. radiation, convection, and conduction). During 

sunshine hours, solar radiation is heating the constructions 

from the top. Then, a thermal potential difference is 

engaged, involving three main processes (Fig. 6). First, due 

to variable thermo-properties, the temperature difference 

between the top surface and the outside ambient air induces 

a phenomenon of heat transfer by natural convection at the 

outside surface of the room’s roofs. Then, the temperature 

difference between the inner and outer surfaces of the 

system generates conduction through the three materials of 

the roof panel. Finally, heat transfer by natural convection 

occurs between the inside roof surface and the internal air. 

During sunshine hours (charging process), the PCM 

within the stainless-steel panel changes its phase from solid 

to liquid. During the night hours (discharging process), 

because of the absence of direct incident solar radiation and 

cooler ambient temperatures, the PCM solidifies (i.e. its 
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phase changes from liquid to solid) and rejects its heat to 

the surroundings, specifically to the outside ambient and 

the air inside the test room. The PCM phase change cycle is 

repeated every day. 

2.3.2 Governing equations and boundary conditions 

The engaged equation is the heat equation simplified to 

a unidirectional and temporal equation applied to a solid. 

This means that no velocity is involved and only one 

dimension is used in the direction of the heat transfer, as 

shown in Fig. 5. For that purpose, we assume that the 

thermal flow is one-dimensional, that there is no interfacial 

resistance between the different panels of steel and PCM, 

and that the thermal conductivity of the steel sheets is 

constant. We also assume that the PCM is homogeneous 

and isotropic and that the convection effect in the molten 

PCM is neglected. 

According to the mentioned assumptions, the governing 

equations are developed as follows. 
2

2

T T
Cp k

t x
  


 

   (5) 

Exterior boundary condition (x=0): 

     4 41
1 so 0 so s sky so

1

2k
T T h T T q T T

x
     


    (6)

Interior boundary condition (x=L): 

   s
si in si 9 si

s

2

d

k
h T T T T

x
   (7) 

Now we have to define the equations governing each 

of the nine nodes of the system. First, we remind that 

Taylor proposes to linearize the second-order derivate as 

follows. 
2

1 1
2 2

2i i iT T TT

x x

  


 
(8) 

Exterior node.  The equation of volume cell 1 can be 

written as in Eq. (9). 

     

 

 

01 1 1 1
1 1 2 1

1

so so

4 4
sky so

d
1 2

d d

s

Cp x k
T T f T T

t x

h T T q

T T



   

  

 





  

(9) 

where 0
1T  stands for the previous time step temperature 

at the first volume cell. ρ1, Cp1, and k1 are the physical

characteristics of the rooftop material (i.e. steel). Tsky 

equals 0.0552T∞
1.5.

Inner node.  The equation of the volume cells located 

in between the top and bottom volume cells of a particular 

material (i.e. for cell i=2, 5, 8) can be expressed as follows. 

     

 

0
1

1

d
1 2

d d

d

m m m m
i i i i

m

m
i i

m

Cp x k
T T f T T

t x

k
T T

x





   

 



(10) 

where 0
iT  stands for the previous time step temperature 

at ith volume cell. ρm, Cpm, and km are the physical

characteristics of the corresponding material m (i.e. steel, 

PCM, or air). 

Interface node.  The equation of the volume cell i=3, 6 

can be written as in Eq. (11) below. 

     

 

01 1 1
1

1 2

1 2

1

d 1
1 2

d dd

2 2

d

i i i i

i
i i

i

Cp x
T T f T T

x xt

k k

k
T T

x





   


 



(11) 

where ρ1, Cp1, k1, and k2 are the material physical

characteristics. For cell i=3, subscripts 1 and 2 represent 

the rooftop steel and the PCM/air panel respectively; for 

cell i=6, subscripts 1 and 2 represent the PCM/air panel 

and the steel (bottom layer) respectively. 

The equation of the volume cell i=4, 7 can be expressed 

as follows. 

     

 

02 2 2
1

1
1 2

1 2

d
1 2

d d

d d

2 2

i
i i i i

i

i
i i

kCp x
T T f T T

t x

k
T T

x x

k k





   

 




 (12) 

where ρ1, Cp1, k1, and k2 are the material physical

characteristics. For cell i=4, subscripts 1 and 2 represent 

the rooftop steel and the PCM/air panel respectively; for 

cell i=7, subscripts 1 and 2 represent the PCM/air panel 
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and the steel (bottom layer) respectively. 

Interior node.  The equation of the volume cell 9 can 

be written as in Eq. (13). 

     

 

03 3 3
9 9 si in si

3
9 8

3

d
1 2

d

d

Cp x
T T f h T T

t

k
T T

x

   

 



(13) 

where ρ3, Cp3, and k3 are the physical characteristics of

the bottom layer material (steel). 

2.4 Simulation model verification 

We use DesignBuilder v.5.0.2.3 [34] for the 

verification of the proposed model. The DesignBuilder 

software package is recognized as the most comprehensive 

user interface for EnergyPlus [38] and it is widely used in 

building environmental and energy simulations. This 

software package enables the performance of dynamic 

simulations via version 8.7.0 of the Energy Plus numerical 

engine [39], which uses a one-dimensional conduction 

finite difference (CondFD) solution algorithm to perform 

dynamic simulations of materials with variable thermal 

properties such as PCMs. This solution algorithm employs 

the same FDM as the proposed model detailed in the 

previous section. In DesignBuilder, we chose to apply the 

fully implicit finite difference scheme, combined with an 

enthalpy-temperature function [40–42]. A flow chart of the 

simulation process is shown in Fig. 7. 

A test room was created in DesignBuilder (Fig. 8), and 

PCMs were modeled as a separate element and added to 

the building system. The model considers some 

thermal-physical properties for each of the materials 

involved, e.g., conductivity, thickness, density, specific 

heat, and some specific properties like the PCM 

temperature-enthalpy function. 

Table 4 shows the material characteristics of the test 

rooms and describes the layers that comprise the roof, walls, 

and floor. In addition, the thermal transmittance of each 

element is shown. For the modeling, we use the ASHRAE 

55-2013 standard and simulate the experiment as a passive 

system to evaluate the behavior of the PCM. The technical 

characteristics of the PCM are described in Table 2. 

However, for the simulation, the temperature-enthalpy 

function of the BioPCM M27/Q21 is taken as a reference 

because it has similar properties to the PCM used in the 

experiment (Table 5). 

The simulation was carried out for both test rooms (i.e. 

the one including the PCM, and the one including the air 

panel) for Antofagasta to verify its validity against the 

experimental results. While for the other cities introduced 

in Table 1, the simulation was done for the PCM test room 

only, so that the thermal performance and behavior of this 

material can be evaluated in different climatic zones. 

Fig. 7  Flow chart of the simulation 

Fig. 8  Test room in DesignBuilder 

7



Acc
ep

ted
 M

an
us

cri
pt

Table 4  Test room material characteristics [43] 

Thickness/ 

m 
Material 

k Conductivity/ 

W·(m·K)–1 

ρ Density/

kg·m–3 

Cp 

Specific heat/J·(kg·K)–1

Walls 
0.05 Polystyrene panel 0.037 20 1.45

Thermal transmittance: 0.625 W/(m2
·K) 

Roof with PCM 

0.003 Steel sheet 52 7860 500

0.03 PCM panel
1.09 (solid state) 

0.54 (liquid state) 
1640 

1440 (0–26.5°C) 

125 000 (26.5°C–28°C) 

1440 (28°C–60°C) 

0.003 Steel sheet 52 7860 500

Thermal transmittance: 5.111 W/(m2
·K) 

Roof with air 

0.003 Steel sheet 52 7860 500

0.03 Air 0.024 1.23 1000

0.003 Steel sheet 52 7860 500

Thermal transmittance: 2.777 W/(m2
·K) 

Floor 
0.015 Plywood 0.140 500 1.70

Thermal transmittance: 2.985 W/(m2
·K) 

Table 5  Temperature-enthalpy data of BioPCM M27/Q21 [34] 

Temperature/ 

°C 

Enthalpy/  

J·kg–1 

Temperature/  

°C 

Enthalpy/ 

J·kg–1 

–20 1 27 134 578

0 5 27.5 202 864

10 16 458 28 237 015 

15 23 562 30 251 278 

20 32 561 32 255 234 

25 43 078 35 258 320 

26 57 014 45 267 324 

26.5 84 146 100 322 093 

3. Results

3.1 Experimental validation 

To evaluate the effect of the studied PCM in reducing 

the building heating load, we use the model introduced in 

the previous section 4 to simulate the indoor temperature 

of the two test rooms during the summer, fall, and winter 

periods. Results are presented in graphical figures for 

two consecutive days (48 hours) of each period, i.e. 

March 15th and 16th (summer), May 4th and 5th (fall), and 

July 09th and 10th (winter). 

The temperature variations of the simulated and 

experimental interior air temperatures of both test rooms 

are shown in Fig. 9 and Fig. 10 respectively to compare 

the proposed model results with the experiment.  

The interior air temperature of the air-panel test room 

shows a large fluctuation throughout the day as it is 

immediately influenced by the incident solar radiation. A 

small fluctuation of the room ceiling temperature is 

observed during night-time, showing the influence of the 

ambient air temperature in the ceiling temperature, 

although in a smaller proportion than the solar radiation. 

The interior air temperature of the air-panel room shows 

a good agreement with the measured temperatures. 

However, due to the assumptions made previously, the 

proposed model shows small errors during the afternoon 

in predicting temperatures. Indeed, values of interfacial 

resistance, and outside and inside convection coefficients, 

may be varying during the day, and the theoretical values 

may be different from the real values.  

The interior air temperature of the PCM room shows a 

much smaller fluctuation (Fig. 10) than that of the 

air-panel test room (Fig. 9). From the experimental 

results, the increase in the interior air temperature of the 

PCM-panel room in the morning is also directly 

influenced by the incident solar radiation, but it is smaller 

than the one of the air-panel room, due to the higher 

specific heat of the PCM and the large heat storage 

capacity of the PCM. The interior air temperature of the 

PCM-panel room still increases in the afternoon when the 

solar radiation decreases, but at a smaller rate than in the 

morning. At night-time, the interior air temperature of the 

PCM test room decreases slowly during the solidification 

process rejecting the heat stored during the day to its 

surroundings.  

The simulated interior air temperature of the 

PCM-panel room shows an acceptable agreement with 

the measured temperatures. Some small errors remain 

during the afternoon and night, as (1) the peak of 

simulated room temperature appears earlier than that of 

experimental data, and (2) the modeled indoor air 

temperature does not drop as much as the experimental 

room temperature when the sun disappears. This may be 

explained by various reasons. First, the room temperature 

is influenced by outside and inside room conditions. 

Wind conditions affect the outside convective heat 
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Fig. 9  Simulated and experimental interior temperatures of the air panel room in (a) summer, (b) fall, and (c) winter 

Fig. 10  Simulated and experimental temperatures of the PCM room in (a) summer, (b) fall, and (c) winter 
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transfer coefficient on one side, while on the other side, 

the room air permeability influences the heat transfer due 

to air ventilation, thus the indoor room temperature. 

Second, the heat conduction in the roof panel is not 

one-dimensional, and the end effect is influencing the 

heat conduction. In addition, other parameters which can 

explain the difference between simulated and 

experimental values, are: (1) the variation of the PCM 

thermal conductivity according to its temperature and 

phase; (2) the PCM is not homogenous and isotropic, 

which can affect the PCM effective thermal conductivity 

in the experiment; (3) the phase change does not occur at 

the prescribed temperature. 

3.2 PCM performance in other climates 

The indoor temperature of the PCM-panel test room 

was simulated for the same two consecutive days of each 

period as in the previous section 3.1. The results for the 

seven other cities are presented in Table 1. 

Fig. 11 shows the simulated interior air temperatures 

of the PCM-panel room for the following climates: 

Desert (Calama), Semi Desert (Copiapó), and Maritime 

(Valparaiso). In general, it can be observed that in all 

cities the indoor temperature is always higher than the 

outdoor temperature. Also, the biggest differences 

between temperatures are in the summer and winter 

seasons.  

Fig. 12 shows the simulated interior air temperatures 

of the PCM-panel room for the following climates: 

Mediterranean (Santiago), Maritime rainy (Concepción), 

Rainy and cold with frequent frosts (Temuco), and Rainy 

and cold (Punta Arenas). It can be observed that the 

biggest difference between indoor and outdoor 

temperatures occurs in summer and winter. While in fall, 

both temperatures show a similar behavior presenting 

only small differences. 

In the case of Punta Arenas, the difference between the 

indoor and outdoor temperature is more than 5°C, and 

practically it is maintained throughout the day and night. 

This may be due to its location in the extreme south, 

where the outdoor ambient air temperature does not 

fluctuate throughout the day as much as in more central 

locations. While in other cities the greatest difference in 

temperature occurs during the hours close to midday. 

Fig. 11  Simulated temperatures of the PCM-panel room in Calama, Copiapó, and Valparaiso 
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Fig. 12  Simulated temperatures of the PCM-panel room in Santiago, Concepción, Temuco, and Punta Arenas 

In the case of Valparaiso and Concepción, the indoor 

and outdoor temperatures present small differences, 

except for some hours of the day in some of the seasons. 

This may be because both cities are located on the coast, 

where the ambient air temperature remains relatively 

more constant throughout the day than in inland cities 

(Calama, Copiapó, Santiago, and Temuco). 

4. Discussion

One important finding of this research is that the PCM, 

used as a passive latent heat thermal energy storage 

system, can smooth diurnal indoor temperature 

fluctuations under the conditions of the experimental test 

rooms in Antofagasta (Fig. 9 and Fig. 10). Results show 

that the PCM is more effective in the winter period (i.e. 

July), as it can maintain the indoor air temperature within 

the range of thermal comfort, while in the summer period 

(i.e. March), the indoor air temperature rises to 28°C and 

above in most of the studied climates. Such observation 

is in good agreement with the results reported by 

Ramakrishnan et al. [44] on commercial PCMs. The 

increase in indoor air temperature is mainly explained by 

the incident solar radiation, but also by the absence of a 

mechanical ventilation system in the experimental test 

rooms. Indeed, the use of mechanical ventilation would 
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allow the indoor temperature to remain for longer 

durations within the comfort range in hot climates [45]. 

At least, the peak indoor air temperature could be 

reduced by the use of night ventilation, as shown by 

Al-Absi et al. [46]. 

The study shows that placing the PCM on the outer 

face of the building envelope, integrated into exterior 

insulation systems, can be an effective solution to store 

latent heat thermal energy for a wide range of climate 

locations. Indeed, the PCM was able to complete the full 

melting-freezing cycle daily in different seasons for 

various Chilean locations benefiting from (1) relatively 

acceptable levels of solar radiation during the day and (2) 

tempered/cold temperatures during the night. Placed in a 

single layer in direct contact with a 3 mm metal sheet, it 

could absorb the solar radiation heat during the day and 

melt. Then, it could slowly cool down and freeze again 

during the night because of the colder outside 

temperature. Further investigation should include the 

performance simulation of PCM-enhanced exterior 

insulation systems, in particular those conditioned in 

modular panels for implementation in new construction 

or in building retrofits. 

The melting temperature and thickness of the PCM 

should be chosen based on climatic conditions of 

temperature and solar radiation so that all the PCM mass 

can be melted and frozen completely during a daily cycle. 

However, other factors such as the building envelope 

insulation, PCM surface orientation, building thermal 

inertia, internal loads, and the ventilation strategy must 

be taken carefully into consideration for choosing the 

most optimum melting temperature and thickness of the 

PCM [47]. For instance, a low melting temperature may 

result in a PCM under-utilization in the warmest months, 

when the PCM would not solidify. Analogously, a high 

melting temperature may reduce the effectiveness of the 

PCM in colder months, as the PCM would not melt.  

Although the use of PCM in buildings reduces CO2 

emissions from heating and cooling energy use [48, 49], 

a balance has to be found to obtain the maximum annual 

energy savings over both the heating and cooling seasons. 

Ascione et al. [50] found that the greatest cooling energy 

savings were obtained in Mediterranean climates by 

installing the PCM plaster on all exposures of the 

building’s vertical envelope and that the energy demand 

decreased with the increase of the PCM thickness. Also, 

Sovetova et al. [51] pointed out that, in hot desert 

climates, the higher energy savings occur during the 

summer months and found that the energy savings 

increased with the increase in the PCM surface area and 

decreased with the increase in the PCM layer thickness. 

In the case of an office building located in different cities 

in China, Mi et al. [52] highlighted that the best savings 

in energy consumption provided by the use of PCM 

occurred in the cold region as well as in hot summers and 

cold winters. 

As the PCM performance is related to the activation of 

its phase change process, and thus its melting 

temperature, the same PCM does not offer the same 

benefits in both the heating and cooling energy demands. 

In this sense, hybrid systems consisting of two PCM of 

different melting temperatures have the potential to 

increase energy savings in both the heating and cooling 

seasons [53]. 

This research is a limited exploration of this topic. 

There is a strong need for further analysis, assessing the 

effects of different PCM configurations, orientations, and 

thicknesses on improving indoor comfort conditions, 

reducing heating and cooling energy use, and mitigating 

the effects of climate change. 

5. Conclusions

The thermal performance of an inorganic eutectic 

PCM (48% CaCl2+4.3% NaCl+0.4% KCl+47.3% H2O) 

integrated into a rooftop slab of a test room located in 

Antofagasta (Chile) is analyzed by experimental and 

numerical investigation. The experiment is also 

conducted in a second test room, in which the rooftop 

panel is a sealed air cavity. The proposed modeling tool 

is developed using the finite difference method and 

validated using experimental data. It allows us to 

evaluate the effect of both the PCM and air rooftop 

panels on the room’s thermal behavior. 

The data collected in Antofagasta during the summer, 

fall, and winter periods show that the indoor temperature 

of the PCM room varies only 21.1°C±10.6°C, while the 

one of the air-panel room varies 28.3°C±18.5°C. Under 

the experiment’s conditions, the PCM room’s indoor 

temperature observes smoother diurnal fluctuations, with 

lower maximum and higher minimum indoor 

temperatures than that of the air-panel room. This is 

explained by the higher thermal mass and the thermal 

storage capacity of the PCM. Indeed, heat gains by solar 

radiation can be stored as latent heat in the PCM, while 

the solar radiation contributes to an increase of the 

air-panel room temperature as the effect of sensible heat 

gains. Thus, building elements incorporating PCM can be 

suitable for the improvement of the indoor thermal 

comfort and energy efficiency of buildings. In 

Antofagasta, it can smooth diurnal indoor temperature 

fluctuations, thus reducing the energy demand for space 

heating and cooling. 

In the case of simulations in other climates, the study 

shows that the PCM panel has a better thermal 

performance during the winter period, as it helps to 

maintain or increase the room temperature by some 

degrees to reach comfort temperatures. 
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The paper contributes to filling the gap in 

experimental and numerical investigation related to the 

use of the studied PCM for latent heat thermal energy 

storage and energy conservation in Chilean buildings. It 

provides the building sector’s stakeholders with 

scientifically-based evidence that the implementation of 

such PCM in the building envelope can effectively 

reduce space heating and cooling needs, and improve 

indoor thermal comfort in different climates of Chile. 
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