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Abstract: The present study’s main objective was to determine the applicability of organic phase
change materials (PCMs) in a building’s envelope construction system for the passive provision
of comfortable indoor thermal conditions over one year based on thermal inertia in Mexico City.
Research on PCMs relate mainly to their use in building envelope construction systems to reduce
energy consumption for mechanical indoor thermal conditioning—not in passive systems. Computer
simulation results of mean indoor temperature variations are presented with the objective of
evaluating these construction systems’ thermal inertia properties. In the present study, dynamic
thermal simulations (DTS), using EnergyPlus software, of ten 1 m? test units with envelope
construction systems combining organic PCMs of different fusion temperatures with conventional
materials were performed. Based on the results, it is concluded that the implementation of organic
PCMs with a fusion temperature around 25 °C in combination with aerated concrete in a space
envelope results in the highest number of hours the indoor temperatures remain within the comfort
range throughout a typical year, due to the decrement of indoor temperature oscillations and, to a
large extent, to thermal lag.

Keywords: thermal inertia; phase change materials; light-weighted constructive system

1. Introduction

Today, there is a need to implement light-weighted building construction systems in response
to the accelerated growth of urban areas; in general, light-weighted construction systems need less
installation time with fewer material resources [1]. However, in most cases, light-weighted construction
systems in buildings imply the use of Heating Ventilating and Air Conditioning (HVAC) systems
for its thermal conditioning. Light-weighted materials are usually materials with thermal insulation
properties; insulated spaces reduce heat exchange between indoor and outdoor environments through
the space envelope, so heat must be artificially provided to, or removed from, the indoor space.

If HVAC systems for artificial thermal conditioning need to be excluded in temperate climates,
and passive systems are implemented instead, then materials with thermal mass properties need to be
used in the building’s construction systems. Thermal mass properties of building envelopes reduce
indoor temperature oscillations and lag thermal conduction. Materials with thermal mass properties
have a better application in climates with outdoor temperatures oscillations with magnitudes of 10 °C
or more [2]. A material’s thermal mass property is closely related to high mass density; therefore,
a construction system based on light-weighted materials has a lack of thermal mass.

Because of today’s energy crisis, there is a need to implement passive strategies for thermal
conditioning (by natural means) as much as possible. Due to cities” accelerated growth, there is also a
need to construct buildings as fast as possible. It is viable, therefore, to apply passive strategies for
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thermal conditioning in temperate climates—such as Mexico City’s climate—as the energy available
in the outdoor environment can be used to regulate indoor thermal conditions. Within Mexico
City’s traditional and vernacular construction, building envelope construction systems have included
materials with thermal mass properties. However, during the last several decades, Mexico City’s
building construction systems have increasingly incorporated light-weighted materials with the
implication of an increased use of mechanical systems for indoor thermal conditioning. In order to
reduce energy consumption due to artificial thermal conditioning, there is a need to develop building
envelope construction systems that can modulate the energy present in the indoor environment by first
storing it and then slowly releasing it based on materials that are light-weighted, but have properties
similar to those of thermal mass.

Recent research [3-11] on relatively light-weighted materials with thermal inertia properties
relate to low fusion phase change materials (PCMs), which, under ambient temperatures, absorb
heat to the point of complete fusion and later release it until they are completely solidified, yielding
thermal inertia effects when implemented. Some thermal energy storage systems are designed to
mainly work with latent heat as opposed to sensible heat in order to manage more quantities of energy;
some examples are those implementing PCMs. Today’s interest to incorporate PCMs into building
construction systems is to store latent heat within building envelopes for passive indoor conditioning.
PCMs have great potential in light-weighted construction systems implemented in climates with
great temperature variations [3]. The implementation of a PCM in building construction systems may
allow light-weighted building structures to behave as massive, heavy structures with thermal inertia
effects. This is feasibly achievable by taking advantage of a substance’s latent heat phase change.
Thermal inertia is closely related to thermal mass, so PCMs perform in a manner similar to that of
dense materials with thermal mass properties. However, research on PCMs relate mainly to their
use in building envelope construction systems to reduce energy consumption for mechanical indoor
thermal conditioning [3-7,12,13]—not in passive systems.

PCMs are starting to be viewed as an alternative for use in light-weighted building envelope
systems [14], not only because PCMs have a relatively lower mass density than traditional and
commonly used construction materials such as concrete, but also because of their thermal inertia
effects. Hashou et al. developed a thermal inertia index to evaluate the ability of PCMs to resist heat
transfer and store large amounts of heat either from outdoor or indoor environments, mentioning that
material thermal inertia is the product of the thermal resistance and the heat storage coefficient [8].
Conventional materials are mainly used for storing sensible heat. However, PCMs are able to store
latent heat, in addition to sensible heat, at ambient temperatures. Recent research [9] has shown that
the amount of sensible heat storage in PCMs is not constant throughout the year, but is reduced during
those seasons when the PCMs experience phase changes for relatively long periods of time. If no phase
change occurs, the kind of heat that is stored is completely sensible, which depends on the volumetric
heat capacity of the PCM.

Recent studies have evaluated PCMs in terms of time increment during which indoor temperatures
stay within the comfort zone [10,12], but mainly in terms of building energy efficiency related to
artificial thermal conditioning [12]. Related either to the occupant comfort zone only or building
energy efficiency in terms of artificial conditioning, three parameters have been important in
studies on the thermal evaluation of PCMs: thermal lag [10,12], the decrement of peak temperature
oscillations [9,12,13,15-18], and the time during which indoor temperatures remain within the thermal
comfort range [12], the latter of which is not frequently addressed.

Thermal lag has been addressed to evaluate PCM heat storage ability under periodic boundary
conditions [8,14], but not to evaluate its ability to increase the number of hours the indoor temperatures
stay within the comfort zone (comfort range). The decrement of peak temperature has been strongly
correlated to PCM'’s ability to store latent heat [8]; however, the correlation with time lag has been less
accurate [11]. The fusion temperature of a PCM has been closely related (although not frequently) to the
space occupant thermal comfort range and indoor temperature oscillation reductions [10,12], as well
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as to the quantity of the stored latent heat [9]. Although PCMs have been evaluated in terms of the
occupant’s comfort zone, PCMs have not been specifically evaluated in terms of their applicability in
passive systems for indoor thermal conditioning. However, Sharifi et al. has suggested that PCMs can
be used as passive heat storage units in the walls by increasing the amount of PCM [12]. In the present
work, we propose to evaluate PCMs’ applicability for passive heat storage based on the selection of
the correct fusion temperature and the combination with conventional materials.

In terms of climatic data, the efficiency of a PCM has been declared as dependent on the input
temperature profile [12]. Many studies on PCMs have been based on thermal simulations using
either bi-dimensional [12] or mono-dimensional [13] heat transfer models with sinusoidal temperature
data [18] or periodical data [15]. Evola et al. performed a study based on a periodical regime to
evaluate PCM’s thermal efficiency, comparing its performance within a temperate climate with a
hot climate [10], concluding that the best performance was obtained within the temperate climate.
However, they concluded that a PCM should be evaluated over a long time span (several weeks or
even months) for a deeper understanding of its fusion process, due to the fact that there are some times
of the year when the fusion phase may not be completed or even developed at all.

PCMs have also been evaluated in terms of their ability to slow heat gains or losses from or
towards indoor environments [9,15], and it has been concluded that the duration of the phase transition
is proportional to how long the inner surface temperature remains constant at or near the melting
point. However, these studies have not lasted over a year. However, some studies related to organic
PCMs [13,14] have been performed for certain seasons of the year, and it was concluded that their
applicability depends on the time of the year.

The present study’s main objective was to determine the applicability of organic PCMs in a
building’s envelope construction system and in combination with conventional materials for the
passive provision of comfortable indoor thermal conditions for one year based on thermal inertia in
Mexico City. The first part of the paper describes the studied materials and the study methodology;
subsequently, results are presented and discussed; finally, conclusions are addressed.

2. Materials and Methods

2.1. Description of the Study

Ten case scenarios based on 1 m? prototypes with construction systems composed of different
materials were firstly 3D-modeled to subsequently simulate their thermal performance using
EnergyPlus version 8.5.0 based on a dynamic thermal simulation (DTS).These case scenarios were
divided into two groups: (a) some of the studied construction systems included PCMs in combination
with conventional construction materials, and (b) others included only conventional construction
materials. Walls, ceilings, and floors were modeled with a 0.10 m thickness. None of the simulated
prototypes included windows so that only the thermal contribution of the space envelope construction
systems with and without PCMs towards the indoor environment was studied, and parameters
pertaining to heat gain or loss due to windows could be discarded. PCMs were modeled as
macro-encapsulated within a thin steel layer and as intermediate layers within the construction
systems, and were applied to the west, east, and south walls and to the ceilings, as these envelope
surfaces are more exposed to solar radiation than the floor and the north wall are; therefore, the north
wall and the floor were insulated so that, as much as possible, heat gain and loss parameters pertaining
to these surfaces could be discarded. Annual hourly mean indoor temperatures for a typical year in
Mexico City were obtained as a result of the DTS. In order to evaluate the construction systems’ thermal
inertia effects, indoor temperature oscillations and time lags, with respect to outdoor temperature
oscillations, were measured.
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2.2. PCMs and Latent Energy Storage

PCM energy storage processes are based on fusion latent heat—an endothermic process that leads

to energy storage in the PCM—and solidification latent heat—an exothermic process that leads to the
release of the stored energy in the PCM [7].

)

®)

The energy storage and release process consists of three stages:

First, the PCM receives heat form an external heat source, such as the sun (helio-thermal energy),
and elevates its temperature by absorbing and storing sensible heat until the PCM’s fusion
temperature is reached (Qsens s = MpcMCPPCM s fTTOSf dT, where Qgeps s is the stored sensible
heat in its solid phase, mpcys is the PCM’s mass, cppca s is the PCM’s specific heat capacity at
constant pressure during its solid phase, and |- TTO Sf 4T is the temperature change from the initial
temperature Tj up to the PCM’s fusion temperature Tsf).

After the PCM reaches its fusion temperature, it leaves the solid phase, enters into an
incompressible fluid phase, continues to store energy without increasing its temperature,
and fuses until the absorbed energy equals its fusion latent heat (Qy,; 5 = mpcmLpcy, where
Qiat_sy refers to the stored latent heat by the PCM during its transition from the solid phase to the
incompressible fluid phase, and Lpcys is the PCM’s latent fusion heat).

Finally, after the PCM reaches an incompressible fluid phase, its temperature again is elevated
as it continues to store sensible heat (Qseus_r = mpcrmcprem_f fTTs f dT, where Qges_f is the stored
sensible heat during the PCM’s incompressible fluid phase, cppcp_f is the PCM'’s specific heat
capacity at constant pressure during its fluid incompressible phase, and |- TTS f dT is the temperature
change from the PCM’s fusion temperature Tsf to a temperature T).

These three stages are illustrated in Figure 1.
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Figure 1. Heat storage stages of a phase change material (PCM).

When a PCM liquefies, it absorbs and stores large amounts of heat (latent heat); when it solidifies,

the previously absorbed and stored heat is released. Based on their thermal inertia effects, a PCM
compared to a conventional construction material also absorbs and stores solar heat, conducting small
amounts of this heat towards the indoor space—as PCM’s thermal conductivity is low—maintaining
indoor temperatures relatively low, and later releases the stored heat towards the indoor environment
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when the outdoor temperature decreases. As a result, two effects take place: (1) the times at which
maximum and the minimum indoor temperatures occur, compared with the times at which the
maximum and minimum outdoor temperatures occur, are temporarily lagged (this effect is known as
thermal lag); (2) the maximum and minimum indoor temperature peaks, compared with the maximum
and minimum outdoor temperature peaks, are dampened (this effect is known as thermal damping).
Both effects are characteristic of thermal mass materials with thermal inertia effects.

2.3. Thermal Inertia Applicability as a Passive Indoor Acclimatization Strategy

In order to determine PCMs’ thermal inertia effects within Mexico City’s climate in indoor passive
thermal conditioning strategies, the number of days presenting ambient temperatures higher or equal
to 10 °C oscillations were quantified based on daily and hourly climatic data [19]; the number of days
are presented in Table 1.

Table 1. Number of days with ambient temperatures higher or equal to 10 °C oscillations within
a typical Mexico City climatic year as well as the mean annual temperature oscillation, where T,
corresponds to the outdoor ambient temperature.

Daily Oscillation Number of Days Percentage within a Year
ATy > 10 °C 304 83.3%
AT gy < 10 °C 61 16.7%

From Table 1, it is observed that ambient temperatures higher or equal to 10 °C oscillations are
present during 83.3% of a typical year in Mexico City. Therefore, it is deduced that the implementation
of passive strategies based on thermal inertia for indoor building thermal conditioning in Mexico City
is feasible [20].

2.4. Determination of Comfort Intervals

The construction system performs thermally, based on thermal inertia, when thermal damping
and thermal lag effects are present. These two effects allow indoor temperatures to remain within the
range of thermally comfortable conditions (thermal comfort range) for a long time without the use of
auxiliary mechanical systems for artificial thermal conditioning.

Because one objective of the present work is to study construction systems for passive indoor
thermal conditioning, an adaptive model was used for the calculation of the thermal comfort range.
The implemented model is correlated to Mexico City’s mean monthly temperatures. The thermal
comfort range is defined based on the thermally neutral temperature calculated based on Equation (1)
of Dear’s model [21]. This model has been implemented in other studies on passive building
acclimatization for Mexico City [22].

T, =178+ 0-31Tamb.month (1)

where T 45 mont is Mexico City’s mean monthly ambient (outdoor) temperature and Ty, is the thermally
neutral temperature. From Equation (2), the thermal comfort range was calculated by adding and
subtracting 2.5 °C from the thermally neutral temperature in order to obtain the maximum thermally
admissible temperature (thermal comfort range upper limit) and the minimum thermally admissible
temperature (thermal comfort range lower limit).

Tnﬁmin =T,—-25 OC; Tn_max =T,+25 °C. (2)

Monthly upper and lower limits of the thermal comfort range (minimum and maximum
temperatures of the comfort range) for Mexico City are given in Table 2.
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Table 2. Monthly thermal comfort range upper and lower limits in °C for Mexico City.

Month T_min Ty _max
January 199 249
February 20.1 25.1
March 20.8 25.8
April 21.1 26.1
May 21.2 26.2
June 21.1 26.1
July 20.8 25.8
August 20.7 25.7
September 20.7 25.7
October 20.3 25.3
November 20.1 25.1
December 19.5 24.5

2.5. PCM Selection

According to Fleischer [7], in order to obtain indoor temperatures with fewer oscillations with
respect to the outdoor temperatures by implementing a PCM in a construction system its fusion
temperature must be close to the maximum thermally admissible temperature (corresponding to the
thermal comfort range upper limit temperature), so indoor temperatures are able to remain within the
thermal comfort range as long as possible. The cyclical exterior temperature variations reflect indoor
cyclical temperature variations as well, but are out-phased and dampened due to the thermal inertia
effect of the building construction envelope materials.

The use of a PCM with a fusion temperature close to the maximum thermally admissible
temperature allows for a longer fusion time period, so latent heat is absorbed during an extended
time resulting in a greater thermal lag. At sunset, when outdoor temperatures descend, the PCM will
solidify for a much longer time period, and latent heat release towards the indoor space will occur
with a greater time lag, producing a thermal lag effect. Therefore, thermal inertia is determined by the
PCM fusion temperature.

Another parameter to consider when selecting a PCM is the amount of latent heat it needs for
its fusion per mass unit, i.e., the amount of energy the PCM is able to store. The amount of energy
it needs for its fusion per mass unit is proportional to the amount of energy that can be stored with
less mass. Additionally, the PCM must have a high specific heat capacity at constant pressure so that
higher amounts of sensible heat within less of its mass can be stored before and after its fusion process.

On the other hand, it is desirable for the PCM to have a high thermal conductivity so that heat
is, as much as possible, efficiently conducted through the constructive system towards or away from
the indoor space. However, it has been found that PCMs have, in general, low thermal conductivities.
Therefore, the material and thickness of the PCM container must be strategically selected to enhance
the thermal conductance of the construction system. Additionally, the order of the material layers that
compose the construction system affect the amount of thermal damping and thermal lag effects.

There are two basic types of PCMs: (1) organic, which are those derived from oil (petroleum)
and from biological beings’ fatty acids, and (2) inorganic, which are majorly hydrated inorganic salts
with fusion and solidification processes based on water absorption and release [3,7]. Organic PCMs
exhibit a long-term physical and chemical stability and have high fusion latent heat; however, these are
inflammable (their ignition temperature is around 200 °C) and can dissolve their container if it is made
out of a polymer with a low thermal conductivity. Inorganic PCMs also have high fusion latent heat,
but a higher thermal conductivity; their ignition temperature is also high (around 900 °C). Inorganic
PCMs are not as physically and chemically stable as organic PCMs and present phase segregation,
meaning that the material phase transition does not completely terminate. In addition, inorganic PCMs
may corrode their container in case it is made out of metal [7].
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Based on the previously mentioned conditions and characteristics, paraffin-based organic
Rubitherm PCMs from the RT series and HC type [23] were selected for the present study (RT is the
brand name of the Rubitherm's organic PCM series and HC is the sub-brand name of the Rubitherm’s
organic PCM line with major heat capacity [23]). The HC-type PCMs can store a greater amount of
latent heat per mass unit. More specifically, the selected PCMs were RT18HC, RT22HC, and RT25HC,
corresponding, respectively, to fusion temperatures around the comfort range lower limit temperature
(19.9 °C), the mean temperature of the lower and upper limit temperatures of the comfort range
(23.0 °C), and the comfort range upper limit temperature (26.2 °C). The thermophysical properties of
the selected PCMs are presented in Table 3.

Table 3. Thermophysical properties of the RT18HC, RT22HC, and RT25HC PCMs [24-26].

Property RT18HC RT22HC RT25HC
Region of phase transition ! [°C] ;j ;z:; z g 1]:: }Cz:( z;g ]]:s j[(z:; z iﬁ
Thermal conductivity 2 [W/m-K] 0.2 0.2 0.2

. Solid (15 °C): 880 Solid (20 °C): 760 Solid (15 °C): 880
3
Density [kg/m”] Liquid (25 °C): 770 Liquid (50 °C): 700 Liquid (40 °C): 770
Specific heat capacity at constant 2000 2000 2000
pressure [J/kg-K]
Heat storage capacity
(latent + sensible heat) [J/kg] 260,000 190,000 230,000
Maximum operative temperature [°C] 50 50 65
Ignition temperature [°C] 135 T>150 150

1 T5 fnin and T5 fmax are the minimum temperature at which the PCM’s fusion phase starts, and the maximum
temperature at which the PCM’s fusion phase finishes. 2 The manufacturer [24-26] indicates the all PCMs have the
same thermal conductivity during both phases (solid and liquid).

2.6. Design of Test Units

In order to study the temperature evolution of an indoor space using PCMs in the envelope
construction system, ten 1 m3 test units were designed. All test units were 3D-modeled, using
DesignBuilder version 3.4.0.041, with envelopes of construction systems that included common
light-weighted materials commonly used in Mexico: gypsum board and aerated concrete. The total
thickness of each wall, ceiling, and floor equaled 0.1 m. The base test unit plan and isometric are
presented in Figure 2.

Neither windows nor openings were included in the test units in order to avoid heat gains or
losses different from the ones provided by the opaque envelope (walls, floor, and ceiling), as one
of the main objectives of this study was to analyze the indoor temperature evolution and variation
dependent on the opaque envelope’s heat contribution using PCMs.

The construction systems of the envelopes of all test units were designed based on a sandwich-type
configuration composed of three material layers; all test unit envelopes included a floor, four walls,
and a ceiling. Six test units were modeled with envelopes with construction systems that included
PCMs as the intermediate layer; the other two layers corresponded to the conventional light-weighted
materials commonly used in Mexico. The implemented PCMs were proposed to be encapsulated
by a carbon steel container with 0.0009-m-thick walls. The PCM layer, including its carbon steel
container, was proposed to have a 0.074 m thickness. The construction systems that included PCMs
were applied to the west, east, and south walls, as well as the ceiling, considering that these are the
envelope surfaces with most solar incidence due to Mexico City’s latitude. The north wall and floor
had an insulated construction system to avoid, as much as possible, heat and gain losses through
these envelope surfaces. For all tensest units, terracotta red paint with a 0.7 solar absorptance («s) was
applied to the outermost layer. Each test unit, with its own and unique envelop construction system
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configuration, represents a study case scenario. The thermophysical properties of all the construction
materials used in the construction systems are presented in Table 4.

— 1.2000 ~=—

1.2000 1.0000

90000 — ||
(a) (b)

Ei8

Figure 2. (a) A base test unit plan, and (b) a base test unit isometric modeled using DesignBuilder
software; the triangle represents the north orientation.

Table 4. Test units’ construction material’s thermophysical properties.

Property Gypsum Board Aerated Concrete Carbon Steel Polyurethane
Thermal conductivity [W/m-K] 0.16 0.19 60.5 0.023
Density [kg/m?] 950 700 7854 24
Specific heat capacity at constant 840 1050 434 1590
pressure [J/kg-K]
Thickness[m] 0.013 0.013 0.0009 0.074
Infrared emmitance 0.9 0.9 0.9 0.9

2.7. Case Studies” Configuration

All 10 case scenarios were classified into two groups: (1) the first group, denominated as the GYP
group, included five test units with an envelope construction system composed of an interior and
exterior gypsum layer, and an intermediate PCM layer; and (2) the second group, denominated as
the AC group, included five test units with an interior and exterior aerated concrete layer, and an
intermediate PCM layer.

For each group, three test units included a specific fusion temperature PCM as the intermediate
construction system layer applied to the west, east, and south walls, and the ceiling; a fourth test unit
included polyurethane insulation as the intermediate construction system layer applied to the west,
east, and south walls, and the ceiling; a fifth test unit included gypsum applied to the intermediate
construction system layer (for the GYP group) and aerated concrete as the intermediate construction
system layer (for the AC group) applied to the west, east, and south walls, and the ceiling. Therefore,
the fifth test unit of each group includes a construction system applied to the walls and ceiling
composed of three layers of the same material (gypsum or aerated concrete), which can also be
considered as one homogeneous layer. For all test units of both groups, the north wall and floor
included polyurethane insulation as the intermediate layer. All 10 case scenarios’ construction system
layer configuration of walls and ceiling are presented in Table 5.



Technologies 2017, 5, 69

9o0f23

Table 5. Study case scenarios with their construction system layer configuration.”PCMXX"” indicates the

using of the studied PCM’s as intermediate layer in the studied constructive systems, “INS” indicates

the using of polyurethane insulation as intermediate layer in the studied constructive systems, “Only”

indicates using of a construction system applied to the walls and ceiling composed of three layers of

the same material, which can also be considered as one homogeneous layer.

GYP Group: Gypsum Board Exterior and Interior Layer

AC Group: Aerated Concrete Exterior and Interior Layer

GYP-PCM18

AC-PCM18

exterior layer: gypsum board with a 0.013 m thickness and a
solar absorption («s) = 0.7.

exterior layer: aerated concrete with a 0.013 m thickness and
a solar absorption (as) = 0.7.

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

intermediate layer: RT1I8HC PCM with a 0.072 m thickness

intermediate layer: RT1I8HC PCM with a 0.072 m thickness

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

interior layer: gypsum board with a 0.013 m thickness

interior layer: aerated concrete with a 0.013 m thickness

GYP-PCM22

AC-PCM22

exterior layer: gypsum board with a 0.013 m thickness and a
solar absorption (as) = 0.7.

exterior layer: aerated concrete with a 0.013 m thickness and
a solar absorption (as) = 0.7.

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

intermediate layer: RT22HC PCM with a 0.072 m thickness.

intermediate layer: RT22HC PCM with a 0.072 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

interior layer: gypsum board with a 0.013 m thickness

interior layer: aerated concrete with a 0.013 m thickness

GYP-PCM25

AC-PCM25

exterior layer: gypsum board with a 0.013 m thickness and a
solar absorption (as) = 0.7.

exterior layer: aerated concrete with a 0.013 m thickness and
a solar absorption (as) = 0.7.

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

intermediate layer: RT25HC PCM with a 0.072 m thickness.

intermediate layer: RT25HC PCM with a 0.072 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

next layer: carbon steel wall with a 0.0009 m thickness.

interior layer: gypsum board with a 0.013 m thickness

interior layer: aerated concrete with a 0.013 m thickness

GYP-INS

AC-INS

exterior layer: gypsum board with a 0.013 m thickness and a
solar absorption (as) = 0.7.

exterior layer: aerated concrete with a 0.013 m thickness and
a solar absorption (as) = 0.7.

intermediate layer: polyurethane insulation with a 0.072 m
thickness.

intermedjiate layer: polyurethane insulation with a 0.072 m
thickness.

interior layer: gypsum board with a 0.013 m thickness

interior layer: aerated concrete with a 0.013 m thickness

GYP-Only

AC-Only

only layer: gypsum board with a 0.10 m thickness, a solar
absorption (as) = 0.7 on the outer face, and no finish on the
interior face

only layer: aerated concrete with a 0.10 m thickness, a solar
absorption (as) = 0.7 on the outer face, and no finish on the
interior face

All 10 case scenarios construction system layer configuration of walls and ceiling are illustrated

in Figure 3.
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Figure 3. (a) Walls and ceiling construction system corresponding to the GYP group of each case
scenario. (b) Walls and ceiling construction system corresponding to the AC group of each case scenario.

All 10 case scenarios representing the envelope construction systems are illustrated in Figure 4.
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Figure 4. (a) Envelope construction systems corresponding to the GYP group. (b) Envelope construction
systems corresponding to the AC group.

Conductance (U) and thermal resistance (R) values of all case scenarios were calculated and are
presented in Table 6.
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Table 6. Conductance values (U) and thermal resistance values (R) of all case scenarios.

Constructive System U [W/m?2-K] R [m2.K/W]
GYP-PCM18, GYP-PCM22,
GYP-PCM25 1 1.92 0.52
GYP-INS 0.29 3.38
GYP-Only 1.59 0.63
AC-PCM18, AC-PCM22,

AC-PCM25 1 2.00 0.50
AC-INS 0.30 3.36
AC-Only 1.89 0.53

1 The carbon steel sheet, 0.0009-m-thick, has a very small thermal resistance value and is equal to 1.5 x 1075 m2-K/W,
so it can be considered as negligible.

2.8. DTS Analysis

Dynamic thermal simulation (DTS) using EnergyPlus version 8.5.0 was performed on all case
scenarios. For those case scenarios with construction systems that included PCMs, the implemented
solution algorithm was based on the finite differences heat conduction equation (CondFD) [27-29],
with a 0.333 discretization factor [27], and a 60 time-step calculation. However, the CondFD algorithm
does not properly read very thin material layers with a high thermal conductivity [30], such as
the carbon steel PCM container walls; therefore, the carbon steel layers were omitted from the
simulations and the PCM layers were considered with a 0.074 m thickness. This omission does not
produce a significant error because the opposing surfaces of thin layers, with very high thermal
conductivities, reach the same temperature within a very short time period; therefore, thermal
resistance is extremely low.

In addition, EnergyPlus cannot directly read the latent energy storage properties of a PCM.
Therefore, the latent heat energy storage property of a PCM needs to be described based on its
temperature—enthalpy function. Accordingly to Miranda-Fuentes et al. [31], a PCM’s enthalpy, at a
given T temperature, is a function of the stored sensible and latent heat (proportional to the liquefied
PCM mass), correlated as described in Equation (3):

T
hpcm(T) = {CPPCM /T dT} + [Wmetr_rcmLpcm] 3)

where hpcpr(T) is the PCM’s enthalpy at a T temperature, cppcy is the PCM’s specific heat at constant
pressure, Ty is the initial temperature needed as a reference to evaluate hpcp(T), Lpcy is the PCM's
phase transition latent heat, and ,,.;; pcy is the fused PCM mass fraction at a T temperature which is
calculated based on Equation (4):

Yrmelt_pcM = 1= Bfomin
melt_ Tsfmax - Tsfmin

(4)

Figure 5a—c present the temperature-enthalpy functions corresponding to the studied PCMs.

In the case of the insulated envelope test units (GYP-INS and AC-INS), and the homogeneous
layer envelope test units (GYP-Only and AC-Only), the implemented solution algorithm is based on
the conduction transfer function, and the simulation was done with a 60 time-step calculation.

In order to study the thermal effects of the selected PCMs on the indoor temperatures, the results
from the simulations ran on those test units that included PCMs in their envelope, and were compared
with the simulation results of those test units with an insulated envelope and a homogeneous
layer envelope.
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Figure 5. Temperature-enthalpy functions of the studied PCMs: (a) RT18HC, (b) RT22HCand
(c) RT25HC.

The simulation conditions, for all case scenarios, were as follows:

e  No test units were simulated with internal heat gains due to human or animal occupation.

e No test units were simulated with internal heat gains due to electrical illumination systems or
electrical equipment.

e No test units were simulated with natural ventilation nor heat gain and losses due to
air infiltration.

e  No test units were simulated with mechanical systems for artificial thermally comfortable air
provision (fans, refrigeration, nor heating mechanical systems).

Before considering the simulation calculation, the following should also be noted [27-29]:

e Heat transfer through the constructive elements of all test units was considered
as mono-dimensional.

e Isotropy in relation to the material properties was considered.

e  The solidification and the fusion temperature ranges of all studied PCMs were always the same.

e  The specific heat capacity of all materials was considered as constant.

e  The latent heat of fusion of all studied PCMs was constant.

e  The effects of subcooling, hysteresis and phase segregation were neglected due to the software’s
non-capability to read the effects of these phenomena [29].

e Convection calculations at outside surfaces follow the logic of the DOE-2 algorithm (which
uses correlations obtained by in-field experimental datum for rough and smooth surfaces [28])
and at inside surfaces follows the logic of the TARP algorithm (“Thermal Analysis Research
Program”, which correlates, with the base on experimental laboratory datum, the convective heat
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transfer coefficient to the surface orientation and the difference between the surface and zone air
temperatures), both of them explained in detail in [29].

The mathematical model of heat conduction solved by EnergyPlus is related to Fourier’s Law, as
stated in Equation (5).
oT T
PePop = K57 ©)
where p is the mass density of the material, cp is the specific heat capacity of the material, « is the
thermal conductivity of the material, and %—? denotes the time-dependent component of the heat flux

through the material, and ‘3272 denotes the thermal gradient along the coordinate x of the material.
By using the CondFD algorithm, Equation (5) for PCM-constructive systems can be solved by
dividing up the walls and ceiling in a certain number of slices in accordance with the discretization
factor of 0.333. CondFD model is stated in Equation (6):
1 +1 +1 +1 +1
T T T — T ‘Tl»”f T

I E o | i
v Y AN ©)

where the subindex i is related to the space coordinate of each slice of the wall or ceiling, whereas
the index n relates to the time coordinate. A fully implicit scheme is used for the CondFD solver
algorithm [27-29].

Incident heat flux at the outside surfaces of the constructive system are transferred by conduction
through the walls and ceiling to the inside space. The heat balance in the outside surfaces of the
constructive system is given in Equation (7):

é]asol + ‘7LWR + q}zc = qk (7)

where qasol
radiation flux exchange (infrared) with the air and surroundings for the area unit, g, is the convective
flux exchange with the outside air for the area unit, and g, is the heat conduction though the wall or
ceiling for the area unit. Simplified procedures generally combine the first three terms by using the
concept of a sol-air temperature [29], which is considered implicitly by the software.

After performing all mono-dimensional heat transfer simulations for all case scenarios, the time

is the absorbed global solar radiation heat flux for the area unit, q;,z is the net thermal

during which indoor air temperatures remained within the thermal comfort range, presented in Table 2,
was quantified. The purpose of this quantification was to relate that case scenario, corresponding to
the higher number of hours within the thermal comfort range during the year, to the one with the best
thermal performance in Mexico City.

3. Results

The time during which indoor air temperatures remained below (cool hours) and above (heat
hours) the thermal comfort range was quantified. Thus, the number of hours the indoor air temperature
remained within the thermal comfort range (comfort hours) was quantified based on Equation (8):

tcomfort = 8760 — (tcool + theat) 8

where, for all 8760 h within a year, fqyf,r is the number of hours within the thermal comfort range;
teoo1 is the number of hours below the thermal comfort range, and ¢;,,; the number of hours over the
thermal comfort range. These numbers are presented in Table 7 for all case studies. The case scenario
with the highest number of thermally comfortable hours was the AC-PCM25 case.
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Table 7. The number of hours within a typical year when indoor temperatures corresponding to all
case scenarios remained within the thermal comfort range (¢ fort), below the thermal comfort range
(tcoo1), and over the thermal comfort range (ty,q4;).

Study Case teool theat tcnmfnrt
GYP-PCM18 5040 (57.53%) 705 (8.05%) 3015 (34.42%)
AC-PCM18 5018 (57.28%) 779 (8.89%) 2963 (33.83%)
GYP-PCM22 3301 (37.68%) 122 (1.39%) 5337 (60.93%)
AC-PCM22 3159 (36.06%) 141 (1.61%) 5460 (62.33%)
GYP-PCM25 2571 (29.35%) 0 (0.00%) 6189 (70.65%)
AC-PCM25 2342 (26.74%) 0 (0.00%) 6328 (72.26%)
GYP-INS 4767 (54.42%) 715 (8.16%) 3278 (37.42%)
AC-INS 4758 (54.32%) 847 (9.67%) 3155 (36.01%)
GYP-Only 4206 (48.01%) 2076 (23.70%) 2478 (28.29%)
AC-Only 4346 (49.61%) 2375 (27.11%) 2039 (23.28%)

In order to quantify the case scenarios construction systems thermal inertia based on their thermal
damping and thermal lag effects, the results corresponding to the following days were analyzed:

1.  the day when the highest peak temperature of the year was registered (8 May);
the day when the lowest peak temperature of the year was registered (25 December);

3. the day when the temperature oscillations represent a typical year’s temperature oscillation
(15 April).

Thermal damping was quantified as the magnitude of temperature oscillations, calculated as
the difference between the highest peak temperature and the lowest peak temperature, based on
Equation (9):

dT = Tmax — Tinin (9)

where dT is the temperature difference between the maximum temperature Tax and the minimum
temperature Tpi, of a specific day (it applies for both outdoor and indoor temperatures).

Thermal lag was calculated as the time difference between the time the maximum outdoor
temperature occurs, and the time the maximum indoor temperature occurs during a specific day;,
based on Equation (10):

dt = tTmaX_in (10)

- tTmaxﬁﬂ ut

where dt is the time difference, t,__ . is the time the maximum indoor temperature occurs, and tt, .,
is the time the maximum outdoor temperature occurs during a specific day. :

Figure 6a—c illustrate all case scenarios indoor temperature oscillations scenarios as well as the
outdoor temperature corresponding to each analyzed day; Figure 7a—c illustrate indoor temperature
variations of those case scenarios wherein indoor temperatures remained within the thermal comfort
range for a greater number of hours.
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Figure 6. All case scenarios indoor temperature oscillations temperature corresponding to (a) 8 May,

(b) 25 December, and (c) 15 April.
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4. Discussion

Table 7 presents the number of hours during which indoor temperatures are thermally comfortable,
the number of hours during which indoor temperatures are over the comfort range upper limit, and the
number of hours during which indoor temperatures are under the comfort range lower limit during a
typical year in Mexico City. Based on these numbers, it is observed that when a PCM is implemented
in a space envelope, the number of thermally comfortable hours are higher in comparison to those
cases where the space envelope is completely insulated (GYP-INS, AC-INS) or where a homogeneous
layer is implemented (GYP-Only, AC-Only). Therefore, in those cases where PCMs are implemented
as the intermediate envelope layer, the number of hours during which indoor temperatures are above
(tneqt) and below (t.,7) the thermal comfort range is reduced due to the fact that the PCM superior and
inferior fusion temperature limits are increased. For those cases when a PCM with a minimum fusion
temperature of 22 °C and a maximum fusion temperature of 26 °C (GYP-PCM25 and AC-PCM25),
temperatures above the thermal comfort range (t},.,;) are zero. For all cases, temperatures below the
thermal comfort range (¢..,;) are always present. However, when the PCM fusion temperature is
increased, the percentage of the .., hours present throughout the year are reduced, from 57.53% in
the GYP-PCM18 case, down to 26.74% in the AC-PCM25 case (see Table 7).

The case scenario presenting the highest number is the AC-PCM25; in other words, when a PCM
with a minimum fusion temperature of 22 °C and a maximum fusion temperature of 26 °C (RT25HC)
is implemented as the intermediate layer between two aerated concrete layers, in the west, south,
and east walls, and the ceiling, the indoor thermally comfortable hours are increased.

While a PCM is a substance that allows energy storage for its later release, it is the strategic
configuration of the construction system layers that allows the best use of the stored energy.
Considering the gypsum and aerated concrete volumetric heat capacities, 798,000 J/m? K and
735,000 J/m3-K, respectively, it appears that the use of gypsum as the exterior and interior envelope
layers would allow for a higher number of thermally comfortable indoor temperatures due to the fact
that gypsum has a greater volumetric heat capacity than aerated concrete does. However, aerated
concrete as exterior and interior layers allows for a higher number of indoor temperatures within
the comfort range (except for the AC-PCM18 and AC-Only cases) in comparison to those cases
where gypsum is used as exterior and interior layers, due to the fact that aerated concrete’s thermal
conductivity is higher than gypsum (Table 4); therefore, heat is more efficiently conducted through
the envelope. Thus, not only volumetric heat capacity is determinant in a constructive system’s
performance when passive thermal conditioning needs to be applied, but also an adequate thermal
conductivity of the exterior and interior layers surrounding the PCM. As future work, layer thicknesses
of interior and exterior layers, as well as the PCM layer, in relation to the thermal performance of
construction systems, should be studied more in depth.

When comparing the GYP-PCM18 case with the AC-PCM18 case, it was observed that the use
of aerate concrete, compared with gypsum, as the interior and exterior layers surrounding the 18 °C
fusion PCM decreases the number of indoor thermal comfort hours (¢ fort) more. This is due to the
fact that, from all studied PCMs, the RT18HC has the lowest fusion temperatures and the time needed
for its solidification and fusion is less. When the RT18HC PCM is implemented as the intermediate
layer surrounded by aerated concrete layers, which have a higher thermal conductivity than gypsum
layers do, the relatively small amount of stored heat will rapidly flow from the outdoor environment
towards the indoor environment and vice versa.

When the indoor temperature evolution is compared with the outdoor temperature evolution on
8 May (Figure 7a), indoor temperatures remain within the thermal comfort range during the entire
day in the AC-PCM25 case. When this comparison is made for 25 December (Figure 7b), it is the
AC-PCM18 case that presents the highest number of indoor temperatures within the thermal comfort
range; the rest of the study cases for this day resulted in indoor temperatures below the comfort range
(Figure 6b). For 15 April, AC-PCM25 tends to maintain indoor temperatures within the comfort range
for most of the day (Figure 7c).
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Therefore, in those case scenarios where PCMs are implemented, a higher number of thermally
comfortable hours is due to the fact that indoor temperature oscillations are smaller compared to those
case scenarios with an insulated envelope (GYP-INS and AC-INS cases) or a homogeneous material
envelope (GYP-Only and AC-Only cases). This can be validated by data in Table 8 and Figure 6a—c.

Table 8. Indoor and ambient (outdoor) temperature oscillations for all case scenarios on 8 May,
25 December, and 15 April.

Temperature

Oscillations 8 May 25 December 15 April
AT 19.0 20.4 13.0
dTGyp-pcmis 9.8 2.2 8.3
AT ac-pchiis 10.3 22 8.7
AT yp.pen 49 5.1 23
dT ac-pcm22 5.1 5.1 24
dTGyp-pcm2s 24 6.0 1.9
daT ac-pcmzs 24 6.0 1.8
dTGyp.INs 11.6 8.5 9.9
dT ac.INs 12.4 9.1 10.6
dTGyp-only 16.7 114 15.3
AT pc-onty 20.0 14.0 17.8

For all case scenarios, time differences (dt) between maximum indoor and outdoor temperatures
occurrence are smaller than 5 h, as presented in Table 9. On 25 December, dt values are negative for the
GYP-PCM18 and the AC-PCM18 cases because the PCM starts melting and absorbing latent heat from
the indoor space 2 h before the outdoor temperature reaches its maximum. In those cases, dt equals
zero, and the PCM starts melting and absorbing latent heat from the indoor space at the moment the
outdoor temperature reaches its maximum.

Table 9. Time differences between the time the maximum indoor temperature occurs and the time the
maximum outdoor temperature occurs for each case scenario on 8 May, 25 December, and 15 April.

Time Differences 8 May 25 December 15 April
dtgyp-pcmis 4 -2 4
dtac-pcmis 4 -2 4
dtcyp-pcm22 4 1 3
dtac.pcm2 4 1 3
dtgyp-pcm2s 2 2 1
dtac.pcmzs 2 2 0

dtcyp.ns 3 1 4
dtac-INs 3 1 3
dtGyp-only 4 2 4
dtac-only 3 1 3

From Tables 8 and 9, it is observed that, as the PCM fusion temperature nears the maximum
admissible thermally comfortable temperature, the indoor temperature oscillations decrease with
respect to the outdoor temperatures, so indoor temperatures stay within the thermal comfort range for
a higher number of hours because more latent heat is absorbed (for its fusion) and released (for its
solidification) by the PCM during its phase change. As the release and absorption of latent heat,
in addition to sensible heat, increases, temperature oscillations decline because indoor heat gain and
losses decrease in speed. Therefore, as the difference between the PCM fusion temperature and the
maximum thermally admissible temperature decreases, the amount of latent heat that is absorbed or
released decreases. In some cases, latent heat is only absorbed; in others, it is only released. The ideal
case is achieved when smaller indoor temperature oscillations are obtained, and that happens when
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latent heat is both absorbed and released. Additionally, as the PCM fusion temperature nears the
maximum admissible thermally comfortable temperature, the thermal lag effect decreases, because the
PCM starts melting around the time the outdoor temperature reaches its maximum.

5. Conclusions

The present study’s main objective was to determine PCMs’ applicability in building’s envelope
construction systems for the passive provision of comfortable indoor thermal conditions based on
thermal inertia in Mexico City with 10 °C temperature oscillations.

When PCMs are implemented for passive thermal indoor conditioning, i.e., when latent heat is
managed in addition to sensible heat, thermal lag is not predominant, but thermal damping is. As more
latent heat is managed, thermal damping increases and thermal lag decreases. This does not mean
PCM'’s volumetric heat capacity is smaller. On the contrary, the studied PCMs have, on average, 123.1%
more volumetric heat capacity than solid aerated concrete, and 100% more volumetric heat capacity
than liquid aerated concrete, 105.5% more volumetric heat capacity than solid gypsum, and 84.2%
more volumetric heat capacity than liquid gypsum. PCMs have large volumetric heat capacities when
compared with conventional materials, meaning that they are able to store large amounts of sensible
heat. However, PCMs also have a great latent heat storage capacity. As more latent heat is managed
when implementing a PCM, the time taken for it to be absorbed and/or released increases, yielding
greater indoor thermal damping. Additionally, the thermal lag effect decreases, because the PCM starts
melting and absorbing latent heat from the indoor space over a length of time that is similar to the time
outdoor temperatures take to reach their peak—sometimes even faster(negative thermal lags)—and
solidifies latent heat and releases it to the indoor space over a length of time that is similar to the time
taken for outdoor temperatures to reach their peak. Therefore, when managing latent heat, thermal
dampening increases the time during which indoor temperatures remain within the thermal comfort
range more so than thermal lag; this is due to a combination of the PCM’s high latent heat storage
capacity and its high volumetric heat capacity for sensible heat storage. When managing only sensible
heat, thermal dampening and thermal lag increase the time during which the indoor temperatures
remain within the thermal comfort range; this is due to a combination of the material's volumetric heat
capacity and the medium's conductivity. As volumetric heat capacity increases, thermal lag increases.

On the other hand, the desired level of thermal conductance of the construction system when
latent heat is managed varies. In order to increase indoor thermally comfortable hours and increase
PCM latent heat storage capacity, the thermal conductance of the layer surrounding the PCM must
increase because a greater amount of heat is being managed and thus needs to be conducted. As PCM
latent heat storage capacity decreases, the thermal conductance of the layer surrounding the PCM
needs to decrease because a lower amount of latent heat is being managed and, if easily conducted,
can be rapidly released and lost. When sensible heat is managed, in order to increase indoor thermally
comfortable hours, the volumetric heat capacity of the construction system materials decreases, thermal
conductivity must also decrease; as the volumetric heat capacity of the construction system materials
increases, thermal conductivity must increase.

Depending on how close or how far the PCM fusion temperature is to the maximum thermally
acceptable temperature, it behaves more like a PCM with an enhanced thermal performance (with a
fusion point close to the maximum thermally acceptable temperature) or like a conventional material
with no phase changes at ambient temperatures but with a high volumetric heat capacity (with a fusion
point far from the maximum thermally acceptable temperature). Therefore, depending on its fusion
point, the latent heat storage capacity, and the time of the year, a PCM in Mexico City can behave like a
thermal mass material, only releasing and absorbing sensible heat, or like a high-performance material
with high thermal inertia, very slowly releasing and absorbing latent heat for its phase change over a
long period.

During the day of a year with the lowest peak ambient temperatures in Mexico City (25 December),
the PCM with a fusion temperature around 18 °C has the greatest thermal dampening effect and
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increases the time during which indoor temperatures remain within the thermal comfort range because
it absorbs (fusion latent heat) and releases (solidification latent heat) latent heat; therefore, it behaves
completely like a high-performance PCM. The PCM with a fusion temperature around 22 °C mainly
absorbs fusion latent heat during its melting process and absorbs and releases sensible heat; therefore,
it behaves partially like a high-performance PCM and like a thermal mass conventional material.
The PCM with a fusion temperature around 25 °C mainly absorbs and releases sensible heat; therefore,
it mostly behaves like a thermal mass conventional material.

During the day of the year with the highest peak ambient temperatures in Mexico City (8 May) and
the day with typical oscillation outdoor temperatures (15 April), the PCM with a fusion temperature
around 25 °C has the greatest thermal dampening effect and increases the time during which
indoor temperatures remain within the thermal comfort range because it absorbs (fusion latent
heat) and releases (solidification latent heat) latent heat; therefore, it behaves completely like a
high-performance PCM. The PCM with a fusion temperature around 22 °C mainly releases fusion
latent heat during its solidification and absorbs and releases sensible heat; therefore, it behaves partially
like a high-performance PCM and like a thermal mass conventional material. The PCM with a fusion
temperature around 18 °C mainly absorbs and releases sensible heat; therefore, it mostly behaves like
a thermal mass conventional material.

The present work results lead to the conclusion that PCMs in space envelopes have great potential
for passive indoor thermal conditioning. As the difference between the PCM fusion temperature and
the maximum thermally admissible temperature decreases, the performance of the PCM increases
and the number of thermally comfortable indoor temperatures increases (sometimes even up to
24 h). Even when the PCM does not perform well, it still performs as a high thermal mass material
because of its high volumetric heat capacity, although the number of thermally comfortable indoor
temperatures are not as high. It is necessary to select a PCM with a fusion temperature that produces
the highest number of thermally comfortable indoor temperatures throughout the year. For Mexico
City and the studied case scenarios applying different fusion temperatures, a PCM with a fusion
temperature around 25 °C, in combination with a medium thermal conductivity material (aerated
concrete), produced the highest number of thermally comfortable indoor temperatures over the year.
During the coldest days, the PCM with a fusion temperature around 18 °C, in combination with a
low thermal conductivity material (gypsum), produced the highest number of thermally comfortable
indoor temperatures.

In the future, the amount of thermal conductivity of conventional materials that should be
combined with PCMs, as well as what thickness best enhances PCMs’ thermal performance, needs to
be determined. Additionally, a higher variety of materials with different volumetric heat capacities and
thermal conductivities to be combined with the PCM need to be studied. Last but not least, the present
work case scenarios need to be replicated experimentally to confirm these results.
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