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Abstract: Civil construction and buildings account for a significant 36% of worldwide energy con-
sumption, contributing to 37% of global CO, emissions. In Brazil, buildings consume a substantial
51.2% of the nation’s electricity production. Remarkably, approximately one-third of this energy
is allocated specifically for maintaining thermal comfort within these structures. The thermal per-
formance of a building has a significant impact on its energy efficiency; in this way, technologies
developed to contribute to the energy efficiency of envelopes can directly contribute to the reduction
in the building’s overall energy consumption. PCMs are technologies capable of absorbing heat
without increasing temperature and can contribute to the better energy performance of envelopes.
PCMs are used as a thermal performance solution in cold climate regions, and studies show that
they are likely to work in buildings in tropical climates. The objective of this work is to analyze the
performance of PCMs in tropical regions of the southern hemisphere, specifically in Brazil, and their
behavior according to the constructive system used. Computer simulation contributes to an analysis
closer to the reality of the implementation of this technology in these regions. This work is carried
out with simulations in the software EnergyPlus™ version 24.1. The results demonstrate that PCMs
can effectively contribute to a reduction in energy consumption for the thermal comfort of buildings
in tropical climates, demonstrating the possible feasibility of the development of this technology for
tropical climates.

Keywords: thermal performance; energy efficiency; PCM; EnergyPlus; buildings

1. Introduction

Buildings are responsible for the consumption of 51.2% of electricity in Brazil [1].
According to the technical note EPE 030/2018 [2] of the Brazilian Ministry of Mines and En-
ergy, 32% of the electricity consumption of residential buildings and 33% of non-residential
buildings is consumed by air conditioning systems for ambient cooling. These data demon-
strate that the thermal comfort of buildings demands a substantial amount of electrical
energy from the country’s energy matrix, especially for cooling environments, due to the
hot and humid climate of tropical countries.

Given the climate, thermal comfort in tropical climate buildings is directly correlated
with thermal performance [3]. Therefore, a better thermal performance of the building,
considering passive strategies, can directly influence the thermal comfort of the occupants,
as well as the energy consumption to meet human needs.

Among the theses strategies, considering the building systems, the envelope has a
major influence on its thermal performance [4-7]. Therefore, developing technologies
capable of improving the thermal performance of envelopes can contribute to the thermal
comfort of environments and a reduction in electricity consumption for cooling buildings.
A technology applied to the envelope, already successfully used in several countries
to improve thermal performance, is the phase-change material (PCM). This technology
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increases the thermal inertia of the building, due to the increase in the latent heat value
of the envelopes [8-11]. The operating principle of the PCM is the absorption of thermal
energy without increasing the temperature, in one of its phases, varying between sensible
heat and latent heat, also allowing the storage of this energy. The melting point of a PCM is
the temperature where the heat gain passes from sensible to latent, or the reverse, in the
case of heat loss.

PCMs further contribute passively to reducing consumption for heating buildings in
cold and temperate climates [8,12,13], which makes it possible to use these materials for
these locations. In the case of cooling demand, for hot regions, PCMs can contribute to
the thermal comfort of environments when used with a higher melting point [9,10,14-16].
The disadvantages of PCMs must also be considered. The high cost of the materials,
limited availability, and the complexity of their integration are significant barriers to their
widespread adoption. However, as technology advances and new suppliers enter the
market, these challenges are beginning to be mitigated, making the use of PCMs more
feasible for future energy-efficient building projects [17].

Considering the advantages and characteristics of PCMs used in buildings, both
the melting point and the thickness of the PCM layer are critical factors that influence the
thermal performance of building envelopes [18]. Using parametric simulations, Kishore et al. [19]
observed that the thermal load of the building is greater the more internally that the PCM
is placed in the wall, and the melting temperature of the material is the most influential
parameter in the internal room temperature. In addition, computational simulations,
similar to those conducted by Ferster et al. [14], can be instrumental in identifying the
optimal parameters for phase-change materials (PCMs) and their most effective location
within the building envelope.

According to Beltran et al. [20], PCM performance also depends on the climate, because
climate variation is correlated with the operating temperature of the material. For regions
with an equatorial climate, PCM performs better when associated with HVAC systems.
When designing a building with PCM technology, not only the climate classification must
be considered, but other geographic and climatic factors, such as sea level, solar irradiance,
and wind profile must also be considered [21].

In the context of Brazil’s predominantly tropical climate, PCM can be particularly
advantageous in reducing energy consumption for cooling buildings with lightweight
construction envelopes. As a passive strategy within the building system, PCMs can
be complemented by other measures, such as night ventilation or solar shading, further
improving their thermal performance [22].

Research with PCMs as a passive cooling strategy for buildings is scarce for the climatic
regions of the southern hemisphere, which may be related to the lack of material suppliers
for these locations [23] Another contributing factor in Brazil is the requirement to consider
sub-regional climatic characteristics when applying materials in civil construction, owing
to the country’s vast and diverse geographic expanse.

The objective of this study is to analyze the performance of PCMs in tropical regions
of the southern hemisphere, focusing on Brazil, and their behavior according to the con-
struction system used. Given the vast territorial extent of the country, which encompasses
a wide range of climatic conditions, from temperate to hot climates, it is anticipated that
the material’s behavior will vary significantly across different microregions. Therefore, it is
essential to understand these variations to optimize the application of PCMs effectively.

1.1. Application of PCMs in the Thermal Performance of Buildings

Table 1 lists the abbreviations and symbols used in this work for reference.
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Table 1. Abbreviations and symbols.

Symbol  Description

°C Degrees Celsius
c Specific heat
cm Centimeters
cOo2 Carbon dioxide
dDHc Average degree hours for cooling ratio difference
dDHh Average degree hours for heating ratio difference
DH Degree hours
DHcm Average degree hours for cooling
DHhm Average degree hours for heating
dTLc Cooling thermal loads ratio difference

dTLh Heating thermal loads ratio difference
EPS Expanded polystyrene

h Hour
HVAC Heating, ventilation, and air conditioning
INMETRO National Institute of Metrology, Quality and Technology (Brazil)

J Joule

K Kelvin

kg Kilogram

kJ Kilojoule

m Meters

m2 Square meter

PCM Phase-change material
RTQ Energy efficiency level of residential buildings in Brazil

SCIP Structural concrete insulated panels
SEER Seasonal energy efficiency ratio
TES Thermal energy storage
TL Thermal loads
TLc Cooling thermal loads
TLh Heating thermal loads
A Watts
A Thermal conductivity
p Density

There are three classifications for thermal energy storage (TES) materials: sensible
heat, latent heat, and thermochemical. Only the first two are passively applied in civil
construction, and the thermochemical variety is used in active systems [24].

Sensible heat is the heat transferred between bodies, capable of causing a variation
in their temperature, however, without causing a change in the state of aggregation of the
molecules; unlike this, latent heat, in addition to possibly changing the temperature of a
body, causes a change in the state of aggregation of molecules (i.e., state of matter). PCM is
a latent heat storage TES, which is seen as a new solution to reduce cooling/heating loads
in buildings [25].

De Gracia et al. [26], with their mathematical model for ventilated wall systems with
PCM boards, report that the performance in passive cooling is correlated with the vertical
solar irradiation of the location. PCM has better thermal performance for buildings located
in cold/temperate climates when compared to arid /equatorial climates [20,26,27].

Bre et al. [28] proposed the utilization of PCMs with varying melting temperatures
within the same design, analyzing European climates. The findings indicate that, regard-
less of the climatic zone under consideration, it is preferable to employ multiple PCMs
with different melting temperatures rather than a single PCM. Furthermore, the optimal
performance of a PCM is achieved in climatic zones where both heating and cooling loads
are present.

Tabares-Velasco et al. [29] conducted a validation of the EnergyPlus software (version
24-1-0) for simulating opaque walls incorporating PCM. Their study concluded that the
simulation results are most accurate when the following conditions are applied: a time step
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of 3 min; reduced accuracy with increasing material hysteresis; and the use of the CondFD
algorithm as the default, which provides shorter computation times than those typically
required. Additionally, their research highlighted that the thermal performance of PCM is
influenced by multiple factors, including the material properties and its placement within
the building envelope.

Mohseni et al. [30] performed a parametric analysis of computer simulations of build-
ings with lightweight walls using PCM. The authors observed that, for this case, increasing
the thickness of the PCM can reduce energy consumption for both heating and cooling.
Furthermore, lower melting temperatures performed better in winter (for heating), and
higher melting temperatures performed better in summer (for cooling). Models with
PCM perform better when temperature peaks are moderate (summer) as well as during
temperature drops (winter).

The location of the PCM layer on the wall influences thermal performance. According
to Jin et al. [31], based on the inner face, 1/5 of the wall thickness is the best location to
obtain the longest thermal delay time. This variation in performance by location is related
to the melting of the PCM, because depending on the location, the PCM may not fully enter
its liquid state [32].

1.2. PCM in Tropical Regions

The location within the walls, thickness, and melting point of the PCM, associated
with the local climate, are the variables that influence the thermal performance of the PCM
envelopes [18,30-32]. Therefore, associating variables correctly can define the type of PCM
to be applied in each region/climate.

Lei et al. [9], through parametric analysis, identified that the use of PCM in tropical
regions can reduce the energy consumption for cooling from 21 to 32% in their models. This
performance correlates with the melting temperature (i.e., 28 °C) of the applied material.
The authors also point out that the models with PCM applied to the outer layers of the
envelope showed the best thermal performance.

A passive cooling system is an important tool in controlling ambient temperature
peaks. Studies with PCMs in tropical regions are less common but are important to
understand their behavior in tropical climates [33]. Oliveira et al. [22] corroborate this lack,
highlighting several gaps in their systematic literature review, such as the association of
lightweight construction buildings, thermal bridges, thermal comfort, and others. These
studies encourage the need for further investigations on the use of PCM for certain climates,
like those found in Brazil.

The strategic integration of PCMs in Brazilian buildings, alongside HVAC systems,
plays a significant role in reducing electricity consumption while ensuring thermal comfort
indoors. Given Brazil’s extensive geographical area, it is essential to use PCMs with varying
melting points that are suitable for the bioclimatic zone of each region [34,35].

Oliveira et al. [34] carried out simulations across five Brazilian cities with diverse
climatic conditions, focusing on assessing the impact of boundary conditions and construc-
tion parameters related to PCM installation on building thermal comfort. The study found
that climate and the installation layer were the most influential factors affecting outcomes.
Moreover, the research identified a correlation between the PCMs’ melting temperature
and the specific local climate conditions.

In a thermal comfort analysis, Almeida et al. [36] found that prefabricated naturally
ventilated social housing can benefit from the thermal properties of PCM. Their findings
were particularly positive in regions with significant temperature variations, where the use
of PCM significantly enhanced thermal comfort.

By considering the melting point, PCMs can be incorporated into lightweight walls to
passively improve thermal comfort, even in Brazil’s warmer regions. Research indicates
that the melting point greatly influences PCM performance throughout Brazil, due to the
country’s vast and varied climatic conditions [34-36].
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2. Materials and Methods

This work used building performance simulation using the EnergyPlus™ program,
considering different PCM parameters applied to building systems for different climates
in Brazil. The method is divided into climates and case studies; characteristics of PCMs;
computer modeling; and performance indicators. Figure 1 illustrates a brief sequence of
steps for configuring the simulations.

Geometric
modeling

A

Modeling simulation
-Materials config.
-Heat Balance Alg.
-Boundary modeling
-Airflow config.
-HVAC config.
-Output Variable

.

Parametric config.

Weather
data

y

Simulation

Figure 1. Logical illustration of the simulation sequences.

2.1. Climates and Case Study

The case study was performed with a low-income residential project already built
in many regions of Brazil. The climates of six capitals of the country, from the midwest,
southeast, and south of Brazil were selected, as shown in Figure 2. The climate files for
each city were obtained from the EnergyPlus—Weather Data (https://energyplus.net/
weather) webpage.

According to Table 2, the climatic classification of the cities based on the Képpen-—
Geiger [37] system is as follows: Campo Grande—MS and Cuiaba—MT are characterized
by a tropical savanna climate with a dry season (Aw), though they occupy distinct climatic
zones. Curitiba—PR exhibits a humid subtropical highland climate (Cfb). Florianépolis—
SC and Porto Alegre—RS both have a humid subtropical climate (Cfa), marked by evenly
distributed rainfall throughout the year and high relative humidity. Sao Paulo—SP is
classified as having a Cfa/Cwa climate, which is a humid subtropical climate with a
concentration of rainfall during the summer months. In alignment with the bioclimatic
zone classification outlined in NBR 15.220-3 [38], Floriandpolis, Sao Paulo, and Porto Alegre
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are categorized as zone 3, Curitiba as zone 1, Campo Grande as zone 6, and Cuiaba as

zone 7.
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Table 2. Geographic location of cities.

. Latitude Longitude . Elevation . Koéppen-Geiger
City (Degrees) (Degrees) Time Zone (m) Climate Zone Cl?;siﬁcatiogn
Campo Grande —20.44 —54.65 —4 530 6 Aw
Cuiaba —15.65 —56.10 —4 182 7 Aw
Curitiba —25.52 —49.18 -3 910 1 Cfb
Florianépolis —27.67 —48.55 -3 7 3 Cfa
Porto Alegre —30.03 —51.23 -3 47 3 Cfa
Sao Paulo —23.85 —46.64 -3 792 3 Cfa/Cwa

Concerning the building model, the low-income building project used in the simula-
tions has 41.87 m? of floor space, with two bedrooms, one bathroom, a kitchen, and a living
room. The layout of the environments is shown in Figure 3. This design is a typical social
housing project built in several regions of the country, despite the climate difference.

3.00m 3.00m
E Kitchen
) Z1
D Room 1 g
22 R
™
oEv] wc
= z5
§ Living room Room 2 §
P zZ4 Z3 e
’—\ 3.00m 3.00m

Figure 3. Layout and geometry (measurements in meters).

2.2. Characteristics of PCMs

The phase-change materials (PCMs) adopted in the simulations were BioPCM™,
manufactured by the Phase Change Energy Solutions Company (813 Winston St Greensboro,
North Carolina 27405, USA). The melting temperatures considered were 21 °C (Q21), 23 °C
(Q23), 25 °C (Q25), 27 °C (Q27), and 29 °C (Q29), for two different surface densities, namely
2.7 kg/m? (M51) and 4.9 kg/m? (M91). The enthalpy functions are presented in Figure 4,
based on Feustel’s model [39], the x-axis presents the increase in material temperature, and
the y-axis the accumulation of heat energy. The thermal conductivity of the material is
0.22 W/m-K, and the latent heat varies between 190 and 200 k] /kg. The thickness varies
between 0.5, 1 and 2 cm. From the graph, it can be noticed that PCM Q21, for example,
starts melting from 20 °C, approximately, and becomes liquid at a temperature of 21 °C,
with a large accumulation of thermal energy; the same behavior appears in the other PCMs.

The study considers different melting points to evaluate PCM performance across
varying climates, given the significant differences in hourly temperatures across regions and
seasons. The analysis of varying thicknesses aims to elucidate the relationship between thermal
performance and the material’s total mass, considering the associated economic implications.
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Figure 4. Enthalpy functions from the different PCMs.

2.3. Computer Modeling

The software used for the building performance simulation was EnergyPlus™ version
24.1. Through parameterization, it was possible to analyze the behavior of the PCM
by varying the type of wall, type of PCM, thickness of the PCM, and the location of its
implementation in the project. EnergyPlus™ is a complete software, widely used by
engineers, architects, and researchers, who model a building’s geometry and analyze its
behavior within a climate scenario.

For this research, two computer models were created, according to the two types of
light and heavyweight walls, and the combination of the other parameters was made for all
six selected capitals, thus totaling 384 simulations. The various simulations are presented
in Table 3.

Table 3. Input variables for the simulations.

Variable Unit Levels
Cuiabd; Campo Grande; Curitiba;
Weather data B Florianépolis};)Porto Alegre; Sao Paulo {6}
PCM (melting point) °C 21; 23; 25; 27; 29 {5}
Envelope - SCIP; container {2}
PCM thickness cm 0.5;1;2 {3}
HVAC - On; off {2}

For each city {6 levels}; wall type {2 levels}; and cooling mechanism {2 levels}; cases without PCM {total 24} were
simulated to compare performance indicators.

To represent heavyweight walls, structural concrete insulated panels (SCIP) were
employed due to their significant thermal mass. For lightweight walls, the container wall
system was selected, reflecting its increasing use in Brazilian construction. This system
utilizes containers as wall structures, with enhancements made to improve thermal and
acoustic performance, thereby rendering the construction method viable and effective. The
ceiling adopted in the environments was plasterboard, which was considered a layer of
PCM according to the PCM used in the sample. For the reference simulations, the PCM was
removed. The composition scheme of the walls is shown in Figure 5, and Table 4 presents
the data of the materials used in the simulation.
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Figure 5. Wall layouts. (a) Container wall without PCM; (b) container wall with PCM; (c) EPS wall
without PCM,; (d) EPS wall with PCM. Note: measurements in centimeters.

Table 4. Data of materials.

Material p (kg/m®) A [W/(m-K)] c [KJ/(kg-K)]
Cement materials 2000 1.150 1.00
Container 7800 55.000 0.46
Plasterboard 1300 0.500 0.84
Mineral wool 90 0.045 0.75

p = density; A = thermal conductivity; ¢ = specific heat.

The object “MaterialProperty:PhaseChange” from the EnergyPlus™ program was
used to configure the PCM, and the “timestep” was considered equal to 20 (i.e., calculation
for each 3 min). The finite difference algorithm (CondFD) was used to simulate the PCM,
as in Saffari et al. [21], through the “HeatBalanceAlgorithm” object. This algorithm allowed
us to simulate the thermal conductivity in a temperature- and PCM-dependent way. The
“GroundDomain” object was used to process the contact with the ground, when calculating
different ground—floor interface configurations, through the finite difference model, to
obtain the temperature and influence of the soil in the environments [40].

The configuration of natural ventilation was performed in the “AirflowNetwork”
object group. The algorithm of these objects calculates the airflow considering the direction
and speed of the wind, the surroundings of the building, and the characteristics of the in-
ternal environments, such as the external and internal openings, including their cracks [41].
The ventilation opening fractions were calculated based on the classification of the type
of opening specified in Annex II of the Technical Quality Regulation (RTQ) for the Energy
Efficiency Level of Residential Buildings in Brazil. The internal gains were configured
according to the guidelines of the same regulation and are detailed in Figure 6.

Two mechanisms for ambient cooling were considered. The first is the natural ven-
tilation and the second is the air conditioning system (HVAC). In the natural ventilation
configuration, the windows were allowed to open when the internal temperature was
higher than the external one, with a minimum limit of 20 °C. In the second case, the config-
uration was performed in the “THVACTemplate:Zone:IdealLoadsAirSystem” object. The
HVAC system was configured to be activated when the internal temperature was higher
than the external one, and there was an occupant in the room, considering a thermostat
with a cooling temperature of 24 °C.
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Figure 6. Internal gains rate schedules (people and lights).

In the configuration of the HVAC system, the cooling system was configured to work
all year round. As for heating, the equipment could only be activated in winter (from
21/06 to 21/09), when the thermostat reached 18 °C, whenever there was an occupant in
the room.

2.4. Performance Indicators

Two indicators were used to analyze the performance of the models, the cooling/heating
degree-hours (DH) and the cooling/heating thermal loads (TL), considering the different
cooling mechanisms as defined below:

e  Degree-hours (DH): The number of hours in which there would be a need for cool-
ing/heating to decrease/increase the operating temperature were added, with limits
of 26 °C for cooling and 18 °C for heating, thus determining the degree-hour of each
environment, according to Equations (1) and (2). This indicator is calculated when the
building is naturally ventilated. Equations (1) and (2) are as follows:

8760

DH.= ) T;—26,(if T; > 26) (1)
i=1
8760

DHy, = ) 18—T, (if T; < 18) )
i=1

where T; is the operative temperature ranging in i from 1 to 8760; DH_, is the degree-hour
for cooling; DHJ, is the degree-hours for heating; i is the simulation number.

e  Thermal load (TL): In the case of thermal load, the thermal energy required for annual
cooling or heating of all environments was added, thus determining the TL of each
model for cooling (TLc) or heating (TLH). This indicator is used when the building
has air conditioning.

The simulations were performed for 8760 h of the year in the climate file, for each city
and for each long-stay room, i.e., bedroom 1 (Z2), bedroom 2 (Z3), and the living room
(Z4). The results in the simulations were obtained for the three rooms; however, in the
case of the DHc and DHh indicators, the weighted average was calculated with the area of
the rooms to define the indicator that represented the model, represented by DHcm and
DHhm. For the analysis of the difference ratio, the simulation without a PCM was used as a
reference for each city. The indicator was initially calculated by determining the difference
between the reference and the sample of each city for each of the indicators (DHcm/DHhm
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and TLc/TLh), and by subsequently expressing this difference as a ratio relative to the
reference samples.

3. Results and Discussion

Initially, the behavior of the EnergyPlus functions and the PCM under the specified
boundary conditions is verified. Subsequently, the thermal performance simulation results
are presented, accompanied by the corresponding correlation analyses. Finally, a brief
economic analysis is conducted, establishing financial benchmarks that determine the
feasibility of material application.

3.1. Simulation and PCM Verification

To validate the simulations, two representative samples were tested: one without
HVAC and the other with HVAC. For the non-HVAC case, the requested output variables
included external dry-bulb air temperature, air exchange rate, occupant count, and average
indoor air temperature. In the HVAC case, the obtained variables were external dry-
bulb air temperature, HVAC system thermal load, occupant count, and average indoor
air temperature.

The verification was conducted in one of the bedrooms of the residence over a 48-= h
period, on April 1st and 2nd, using weather data from Sao Paulo, SP. Figure 7 presents
the hourly behavior of the variables for the non-HVAC scenario, while Figure 8 illustrates
the HVAC scenario. The tests demonstrated the functioning of natural ventilation in the
occupied spaces during the simulations without HVAC. In the HVAC cases, the system
was activated when the spaces were occupied and the indoor temperature reached 24 °C.
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Figure 7. Non-HVAC simulation test.
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Figure 8. HVAC simulation test.

To verify the effective performance of the PCM, simulations were conducted in which
the material was evaluated without its latent heat storage capability, while maintaining
its thickness and other thermal properties. Figures 9 and 10 illustrate the temperature
differences in the test case, comparing ambient temperatures between the model with fully
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functioning PCM and the model with PCM lacking the latent heat storage capacity. The
results showed that the material worked effectively, as expected.
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Figure 9. Difference with HVAC off.
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Figure 10. Difference with HVAC on.

3.2. Thermal Performance of the PCM Container Wall

The results are presented separately for each type of wall to enable the analysis relating
the results with and without PCM, with “without PCM” being described as 0 (zero) on the
x-axis. For the interpretation of the results, the lower the values of the indicators (DH and
TL), the better the thermal performance of the building, since there is less need for energy
for cooling /heating or thermal load.

Figure 11 presents the degree-hours for cooling (DHc) and heating (DHh) across six
distinct climates, considering various PCM melting temperatures and layer thicknesses for
the model with the container walls. The results demonstrate that the thermal performance
varied according to the specific indicators used, as well as the climate conditions, whether
hot or cold. Initially examining lightweight walls, the degree-hours for cooling (DHcm)
indicator consistently shows that models incorporating a 2 cm PCM layer exhibited su-
perior thermal performance in all scenarios. The performance for DHcm improves with
an increase in PCM melting temperature. Conversely, for the degree-hours for heating
(DHhm) indicator, the results indicate optimal performance, with the PCM having a melting
temperature of 21 °C.

It should be noted that the y-axis was kept compatible with the degree-hours value
achieved in each climate for visual purposes. In Cuiab4, for example, the DHcm reaches
values greater than 29,000 °Ch, while in Sao Paulo the values are much lower (<1800 °Ch),
which shows a great difference between the climates. The same occurred for Curitiba in the
case of the DHhm indicator, which reached high values (above 8000 °Ch) compared to the
other cities. Regardless of the scale, the DHcm and DHhm values of the samples with PCM
were more efficient when compared to their respective reference values without PCM.
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Figure 11. Results for degrees-hours of cooling/heating (container).

The behavior of thermal loads for cooling and heating are shown in Figure 12. Be-
ginning with the analysis of the cooling thermal load (TLc), positive results occurred for
the colder cities, such as Curitiba and Sao Paulo. In this case, the influence of the climate
on performance was greater, demonstrating the relationship between thermal load and
climate. The PCMs Q27 and Q29 showed worse performances, including negative results
for all cities with negative outcomes. It is worth noting that the city of Cuiabd has only one
positive result for the PCM, in the sample with Q25 and 2.0 cm thickness.
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Figure 12. Thermal loads for cooling/heating (container).
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When analyzing the heating load results, in general, the samples with PCM performed
better than the references without PCM. Similarly to the cooling load results, materials
with lower melting temperatures achieved better performance. Observing the load values
reached in the simulations, the difference in load is evident when comparing hot cities,
such as Campo Grande and Cuiaba, with colder cities, such as Curitiba and Porto Alegre.

3.3. Thermal Performance of PCM Structural Concrete Insulated Panels (SCIP)

The analysis of the models with SCIP envelopes was conducted in the same logical
sequence as for the container walls, starting with degree-hours. The results of the cooling
analysis showed low variations yet remained positive for the models with PCM in most
cities. The SCIP walls exhibited lower DHcm values compared to the cases with lightweight
walls (i.e., container walls). The DHcm results for Cuiaba exhibited a divergent behavior
from the general trend, with samples containing 2.0 cm thick PCM showing the least
favorable performance. Only the city of Cuiaba presented negative values for all samples,
with 0.5 and 1 cm PCM and the Q21 sample with a thickness of 2 cm. The DHhm results
displayed behavior consistent with those for lightweight walls; however, they demonstrated
less variation between the melting temperatures of the PCMs. Additionally, the DHhm
values were lower, indicating a reduced need for degree-hours of heating for the heavy
walls. The tabulation of the data is in Figure 13.
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Figure 13. Results for degrees-time of cooling/heating (SCIP).

Figure 14 presents the cooling/heating load results for the samples with heavy walls.
Overall, the behavior of the results was consistent with the samples with lightweight walls;
however, the DHm values were lower, and, notably, there were more positive results for
the city of Cuiaba.
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Figure 14. Thermal loads for cooling/heating (SCIP).
3.4. Ratio Difference
Based on the average values of DH and TL, a comparative analysis was conducted
between the reference simulations of each city, expressed as a ratio of the differences.
This approach allowed for the evaluation of the relative performance of the samples in
comparison to the reference condition. The performance results are depicted in Figure 15,
with the indicators labeled with the letter ‘d’.
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Figure 15. Ratio difference analysis.
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The results for DH highlight the superior performance of the samples with a 2 cm
PCM layer. It is worth noting that although some DHh percentage values for Cuiaba exceed
40%, the absolute values of this property are significantly lower than the absolute DHc
values, which exceed 20,000, with positive variations below 10%.

The TL results confirm the patterns observed for DH, showing that the samples with a
2 cm thickness perform better. Additionally, a significant difference is observed between
the results obtained for lightweight and heavyweight walls. Overall, it is evident that
lightweight walls exhibit superior performance in terms of cooling, for both DH and TL.
However, SCIP samples demonstrate superior performance only in heating scenarios under
natural ventilation conditions.

When evaluating the performance relative to melting point temperatures, distinct
behaviors were observed for cooling and heating demands. For DHc, the most optimal
outcomes were obtained with samples incorporating PCMs Q23 and Q27, with Q27 demon-
strating superior performance in samples with heavyweight walls. In the case of TLc, the
highest efficiency was noted in samples containing PCM Q25, which may be attributable to
the HVAC thermostat setting of 24 °C. Lastly, for both DHh and TLh, the most effective
performance was observed in samples utilizing PCM Q21.

3.5. Corelation Analysis

Figure 16 presents the correlation analysis between variables, employing Pearson’s
analysis. A similar pattern is observed for both DH and TL cases. In the context of cooling,
the most influential variable was the bioclimatic zone (BZ), while the least influential
was longitude (Lon). Conversely, for heating, longitude emerged as the most significant
variable, with the bioclimatic zone being the least influential.
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Figure 16. Pearson’s analysis.

In contrast, the indicators for the difference ratio exhibited a different behavior, not
following the same pattern. For both dDHc and dTLc, altitude was identified as the most
influential variable, whereas PCM thickness was the most significant for dDHh and dTLh.

Additionally, the melting temperature presented a most notable influence when compared
to the DH and TL indicators.
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3.6. Economic Analysis

Following the thermal performance evaluation of the samples, a preliminary economic
analysis was conducted to provide a broader perspective on the feasibility of using phase-
change materials (PCMs) in Brazil. This analysis was limited to samples with HVAC
systems, considering both cooling and heating, based on annual energy consumption,
energy tariffs, and specific taxes for each city. The reference samples (without PCMs) were
used as a baseline, accounting for the local wall type and comparing them to the sample
that exhibited the lowest energy consumption.

Energy tariffs in Brazil are defined by contracts with the energy distribution companies
and are subject to federal and state taxes. For this analysis, public lighting fees, which vary
according to municipal legislation and consumption brackets, were disregarded. Table 5
presents local data, including tariffs, tax rates, and the final energy price in U.S. dollars (as
of September 2024).

Table 5. City, company, price (MWh), federal tax, state tax information, and final price.

City Company Price (MWh) F. Tax S. Tax Final Price (kWh)
Campo Grande Energisa USD 154.12 9.25% 17.00% USD 0.1946
Cuiaba Energisa USD 150.09 9.25% 17.00% USD 0.1895
Curitiba COPEL USD 111.58 9.25% 19.50% USD 0.1437
Florianoépolis CELESC USD 109.44 9.25% 17.00% USD 0.1382
Porto Alegre CEEE USD 113.89 9.25% 17.00% USD 0.1438
Sao Paulo Enel—SP USD 112.69 9.25% 18.00% USD 0.1434

The annual energy consumption for the operation of the HVAC system in each simu-
lated model was calculated by summing the thermal loads for cooling and heating. Follow-
ing this summation, the electrical energy consumption for the HVAC operation was deter-
mined using a seasonal energy efficiency ratio (SEER) from an average-performing supplier,
rated as Class C by INMETRO (https://www.gov.br/inmetro/pt-br/assuntos/avaliacao-
da-conformidade/programa-brasileiro-de-etiquetagem/tabelas-de-eficiencia-energetica/
condicionadores-de-ar (accessed on 1 March 2024)), with a nominal SEER value of 3.03.
Equation (3) presents the calculation used to determine the electrical consumption for the

HVAC operation, as follows:
TL

C= SEER 3)
where EC is electrical consumption, TL is the thermal load sum, and SEER is the seasonal
cooling performance index.

The annual cost was calculated based on the annual electricity consumption of each
sample, considering the final energy tariff for each state. From these data, the sample
containing PCM with the best performance compared to the non-PCM references was
identified. The difference in annual energy cost between each reference and the sample with
the lowest energy consumption in each location, categorized by wall type, was determined.
Based on this consumption difference, the economic advantages of using PCMs in each city
were evaluated.

Regarding the financial analysis, considering the variations in electricity tariffs in
Brazil due to inflation, the estimated payback period was calculated for 5- and 10-year
horizons, using the country’s historical inflation rates for periods equivalent to twice the
analyzed timeframe. For the 5-year scenario, the 10-year historical average inflation rate
of 5.937% per year was used. In the 10-year scenario, the 20-year historical average of
5.905% per year was applied, according to data from the Central Bank of Brazil (https:
/ /www.bcb.gov.br/controleinflacao/historicometas (accessed on 1 September 2024)).

Due to the absence of PCM suppliers in Brazil, cost estimates were developed based
on the specific characteristics of the project, considering the applicable usable area of the
material, namely the surfaces of external walls, excluding openings (doors and windows).
In this case, the total area of the external walls was 65 m?, with openings totaling 9.24 m?,
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resulting in a usable area of 55.76 m?. This allowed for the estimation of the maximum cost
that would enable the financial viability of PCM application. Table 6 presents the financial

analyses, highlighting the cost difference per square meter for each sample.

Table 6. Difference in annual cost per square meter for 5 and 10 years.

City Wall PCM Annual Cost No PCM Diff 5 Years Diff 5 Y. Diff/m? 10 Years Diff 10 Y. Diff/m?
Campo Grande Container Q25-2cm USD 168.72 USD 178.78 USD 10.06 USD 56.61 USD 1.02 USD 131.95 USD 2.37
Campo Grande SCIP Q25-2cm USD 172.32 USD 175.78 USD 3.46 USD 19.47 USD 0.35 USD 45.38 USD 0.81
Cuiaba Container Q25-2cm USD 546.71 USD 547.69 USD 0.98 USD 5.54 USD 0.10 USD 1291 USD 0.23
Cuiaba SCIP Q25-2cm USD 554.80 USD 565.78 USD 10.98 USD 61.81 USD 1.11 USD 144.05 USD 2.58
Curitiba Container Q25-2cm USD 46.76 USD 66.62 USD 19.87 USD 111.85 USD 2.01 USD 260.68 USD 4.67
Curitiba SCIP Q25-2cm USD 42.44 USD 51.23 USD 8.79 USD 49.48 USD 0.89 USD 115.32 USD 2.07
Porto Alegre Container Q25-2cm USD 94.96 USD 106.63 USD 11.67 USD 65.70 USD 1.18 USD 153.12 USD 2.75
Porto Alegre SCIP Q25-2cm USD 93.01 USD 99.60 USD 6.59 USD 37.11 USD 0.67 USD 86.49 USD 1.55
Florianépolis Container Q25-2cm USD 109.20 USD 118.69 USD 9.49 USD 53.42 USD 0.96 USD 124.52 USD 2.23
Florianépolis SCIP Q25-2cm USD 111.22 USD 114.16 USD 2.94 USD 16.54 USD 0.30 USD 38.55 USD 0.69
Sao Paulo Container Q25-2cm USD 29.72 USD 44.12 USD 14.40 USD 81.06 USD 1.45 USD 188.92 USD 3.39
Séao Paulo SCIP Q25-2cm USD 25.73 USD 31.71 USD 5.99 USD 33.71 USD 0.60 USD 78.57 USD 1.41

The financial analysis supported the previously presented thermal performance results,
indicating that samples with 2 cm thick PCM demonstrated the best performance. Notably,
the samples with a melting temperature of 25 °C stood out, exhibiting the largest differences
in annual costs compared to the reference samples in each location. The “10 Y. Diff/m?”
column provides a reference parameter for the maximum cost per square meter of material
application, establishing the threshold required to economically justify its implementation.
Therefore, the higher the cost ceiling, the more advantageous the application of PCM
becomes, as demonstrated in the table, with Curitiba and Sao Paulo standing out.

4. Conclusions

The objective of this work was to analyze the performance of PCMs in regions of Brazil
with different climates and their behavior according to different construction systems. It
is interesting to note that, regardless of the type of construction system, whether heavy
or lightweight walls, the use of PCMs generally resulted in better performance when
comparing cases with and without the materials.

The cities of Curitiba and Sao Paulo demonstrated positive results in all samples
containing PCM, with cooling ratio differences above 60%. This superior performance may
be attributed to the lower average temperatures and higher altitudes characteristic of these
cities. These findings align with previous studies, which suggest that colder regions tend
to achieve better thermal performance in buildings utilizing PCM. This evidence further
substantiates the efficacy of PCM in enhancing thermal efficiency in cold climates.

All heating results, both in terms of thermal load and degree-hours, were positive in
the performance of samples containing PCM. Furthermore, this performance is enhanced
in colder cities, based on the actual values of these indicators. Certain cities, such as Campo
Grande and Cuiaba, presented lower indicators, both in samples with and without PCM,
attributed to the high average monthly dry-bulb temperatures of these cities, always above
20 °C.

The study also demonstrated that thermal performance is closely related to the thick-
ness of the applied PCM. In most analyses, the samples with a thickness of 2 cm exhibited
significantly superior results compared to the samples with a thickness of 0.5 or 1.0 cm.
PCMs with lower melting temperatures showed better performance in heating simulations,
as was the case with PCM Q 21, with better performance for both DHh and TLh, while
materials with higher melting temperatures achieved the best results in non-HVAC cooling
scenarios. In the cooling simulations with HVAC, the most effective results were observed
in samples containing PCM Q25, whereas materials with higher melting temperatures
exhibited the least favorable performances.

In summary, the investigation demonstrates that PCM has significant potential to
enhance the thermal performance of building envelopes in temperate/tropical climates,
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encompassing both colder and warmer regions, provided that the melting temperature
of the material is carefully selected according to the local climate. It is important to note
that, in most parts of Brazil, the hot seasons are longer and more intense compared to the
cold seasons. Therefore, selecting a melting temperature that provides better performance
under cooling conditions can result in improved thermal performance and greater energy
efficiency of buildings.

The economic analysis provided a deeper understanding of the cost reduction associ-
ated with increased thermal comfort in the environments. Additionally, it identified the
cities with the greatest financial advantage in applying PCM, with Curitiba and Sao Paulo
standing out, showing maximum cost values per square meter (10 years) of USD 4.67 and
USD 3.39, respectively.

For future work, it is recommended to investigate materials with the best thermal
performance by microregion, considering local climates. In the case of Brazil, a country
of continental dimensions, some standards specify the ideal thermal characteristics of
construction systems for various regions. This highlights the importance of studying the
optimal properties of this technology according to the building’s location.
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