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Abstract: Improving the energy efficiency of new and existing building stock while fostering the
use of renewable energy is one of the major goals of the Renovation Wave initiative promoted by
the European Union. In this framework, the present research focuses on the design of an innovative
and efficient construction solution for an external envelope and internal partitions that can improve
energy efficiency and thermal comfort in lightweight construction technology for buildings. The use
of phase change materials (PCMs), particularly in the macroencapsulated form, in building construc-
tion solutions or components enhances the buildings’ thermal mass without significantly increasing
the solutions” weight. Therefore, the solution herein developed is essentially targeted at lightweight
building technology since the incorporation of a macroencapsulated PCM core will allow to store
and release large amounts of energy per volume unit, in order to attenuate high indoor temperature
fluctuations. In the scope of this study, the use of a thermally active core in a lightweight construction
solution was designed and thermally characterized. Thus, an experimental campaign on the thermal
properties of the solution containing macroencapsulated PCMs was performed, intended for applica-
tions in two twin full-scale cold-formed steel lightweight tiny houses. Regarding the hot box heat flux
meter approach, the results revealed the following: good correlation between thermal conductivity
and mean specimen temperatures for both construction assemblies tested, and significant thermal
amplitude reduction with the use solution containing the macroencapsulated PCM core.

Keywords: thermal conductivity; phase change materials; energy efficiency; thermal energy storage;
lightweight buildings

1. Introduction

The European Union policy framework for energy and environmental strategy focuses
on the ambitious goal of reducing energy consumption and greenhouse gas emissions by
improving buildings’ energy efficiency, from new to existing building stock, assuring com-
fortable and healthier indoor environment conditions for the users [1,2]. Almeida et al. [3],
achieved potential energy savings of 48% in terms of electricity consumption in the EU,
revealing a potential improvement in the residential sector behavior, highlighting the im-
portance of the rapid implementation of European regulations. Additionally, during the
last decade, a noticeable trend to implement prefabricated and lightweight building com-
ponents combined with a modular approach to construction has been observed. Despite
lightweight construction typology representing an economic and ecological alternative to
common building heavyweight solutions, it is also an excellent solution for retrofitting
and refurbishment; however, it still presents challenging issues in terms of thermal perfor-
mance, due to the lack of thermal mass and consequent reduced thermal inertia, a known
drawback of this particular construction system. Thus, the present research is motivated
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by the pursuit of coupling the development of enhanced lightweight building assemblies:
for future resilient and sustainable buildings to be energy efficient; to compensate for the
reduced thermal inertia by using phase change materials (PCMs); and to mitigate the use
of lightweight building technology in different climate contexts.

Innovative building solutions and components containing PCM have been the subject
of numerous studies over the last years, highlighting the following: development of solu-
tions for lightweight buildings [4-6]; PCM incorporation into mortars [7-9], bricks [10-12],
and thermally activated concrete slabs [13,14]; gypsum plaster wallboards [15-17]; in panels
for cooling purposes [18]; screed mortars [19,20]; microencapsulation and positioning into
attic spaces [21]; and buildings’ features optimization [4,5,22].

Despite the well-known advantages on the use of building components containing
PCMs, several authors have reported important issues that must be considered regarding
their use in buildings. Kuznik et al. [23] investigated the use of PCMs in a renovation
project by comparing two rooms: one with wallboards containing PCMs, and the other
with standard wallboards without PCM. The authors concluded that the use of PCMs
increased the indoor thermal comfort in the room containing PCM wallboards; however,
they also concluded that for several days, the latent heat storage capacity of the PCMs was
not fully exploited due to its incomplete discharge overnight. Thus, a correct system design
is mandatory, including the PCM operating temperature range as well as the positioning
conditions where the PCM will be applied. Sun et al. [24] investigated the thermal per-
formance of a room by simulating four different inorganic composite PCMs, which were
simultaneously located into the wall air cavities and also combined with a double-layer
of PCM into a radiant floor system. These combined PCM-containing solutions, leading
to a reduction of 21.2% in the annual energy consumption. The authors also highlighted
three parameters with extreme influence on the PCM efficiency and, consequently, on the
building energy consumption: the thickness of the PCM layer; the thermal conductivity;
and the relative position between the heat source and the PCM layers in the radiant floor
systems. Thus, excessive layer thickness of PCM (and amount) as well as high values
of thermal conductivity could lead to the worst results in terms of indoor thermal condi-
tions, also leading to increased materials’ costs during installation. Aligned with these
issues, Xu et al. [25] highlighted that the PCM performance is affected by numerous factors,
such as PCM layer thickness, melting range temperature, thermal conductivity, latent heat
fusion, and the existence or absence of an air gap between the PCM and the covering layer.
The authors concluded that the thickness of the PCM layer should not exceed 20 mm and
the latent heat of fusion should be larger than 120 k] kg ™! to be fully exploited.

Regarding the research concerning buildings with low thermal inertia, Ko$ny et al. [26]
studied several possibilities to improve buildings” thermal behavior by applying solutions
containing PCM. A total of five different solutions were investigated, including different
types of insulation, position and thickness of the PCM layer, as well as type of PCM
arrangement (condensed and dispersed). A time shift in peak temperatures was observed,
shifting and reducing the number of operating hours of the air conditioning system, from
daytime peak to night time. An inversion in the direction of the heat flow was also observed,
allowing the use of passive cooling to the building. Thus, it is possible to acknowledge
that the addition of PCM to the insulation layer translates to a substantial improvement
in the thermal performance for this type of building. In this context, Rebelo et al. [8]
presented a full thermophysical characterization of an innovative cementitious mortar
incorporating microencapsulated PCMs, also targeted for low thermal mass buildings
located in warm climates. The developed mortars are intended to be applied in contact
with the insulation layer by the inner surface of the building envelope walls, aiming indoor
passive thermal regulation toward mitigating the overheating phenomena in lightweight
construction systems. Soares et al. [27] proposed the use of drywalls with phase change
materials to overcome the low thermal inertia of LSF systems. This research work has the
objective of optimizing 10 different factors with direct influence in the efficiency of the PCM-
drywalls use. The authors concluded that the use of PCM—-drywalls in LSF constructive
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systems allows to achieve a better building performance for all studied climates, with an
optimum solution for each climate. In a review regarding the energy efficiency and thermal
performance of LSF construction, Soares et al. [27] presented numerous commercial PCM-
based solutions for LSF construction. In this study, five different examples of commercial
PCM boards for dry construction, containing microencapsulated PCMs, can be consulted.
Regarding macroencapsulated PCM, Santos et al. [28] presented three different solutions:
ceiling tiles with a honeycomb core filled with PCM; aluminum-laminated panel containing
a PCM that can be used after the plasterboard layer; and suspended ceiling tiles with PCM
bags placed above.

Figueiredo et al. [4] performed an optimization study toward overheating reduction
for buildings with low thermal inertia subjected to a Mediterranean climate. The authors
attained a reduction of overheating risk by up to 24% in the cooling season, due to the
optimization of the following parameters: ventilation rate; PCM melting temperate range;
PCM position into construction solutions; and combining different melting temperatures in
the same construction solution. The authors highlighted that the complete charge—discharge
cycle of the PCM on a daily basis is only possible considering an effective compromise with
the PCM melting temperature and ventilation rate selection.

These studies have paved the way to confirm that the use of PCMs as a second skin of
the insulation layer substantially improves the building’s thermal performance. However,
we identified a literature gap regarding the type of PCM, such as salt hydrates due to
their lower cost and form of macroencapsulation in building components, despite its
huge potential for reduction in buildings’ energy demand. Hence, the development and
the thermal characterization of a thermally enhanced construction solution containing a
salt hydrate PCM is proposed, suitable for incorporating into lightweight construction
assemblies. Additionally, the developed PCM enhanced solution is also adequate for use
at the inner surface of existing buildings in retrofit scenarios, targeting the reduction in
internal overheating whilst promoting indoor passive thermal regulation, especially in
warm climate conditions.

2. Materials and Methods

Previously, a numerical parametric simulation was carried out to support the PCM
melting range for experimental development of the building solution with a thermally acti-
vated core. An experimental campaign to determine the thermal properties of a thermally
enhanced solution based on a lightweight cold-formed steel solution containing macroen-
capsulated PCMs was performed, used in the scope of a comparison between two twin
full-scale tiny houses located at the University of Aveiro campus (Portugal). The thermal
characterization of the solution was performed in three phases:

(i) Characterize the acquired PCM (RUBITHERM SP21E-manufacturer product refer-
ence) enthalpy—temperature curves by means of differential scanning calorimetry
(DSC) analysis;

(ii) Determine the equivalent thermal conductivity of the thermally active core solution
(with PCM layer) and its comparison to a reference solution (without PCM), through
the hot box heat flux meter method in steady state conditions;

(iii) Analyze indoor temperature behavior in free floating conditions (passive chamber)
as consequence of a controlled induced temperature (active chamber), using the hot
box apparatus.

The methodology of the present work begins with the case study definition regarding
the two tiny houses that will be used for a future real-scale evaluation of the indoor thermal
comfort conditions comprising the lightweight external envelope solutions. The second
step of this work was developed, resourcing a dynamic simulation, using the EnergyPlus™
software. This step aims to define the adequate PCM melting temperature range to be
applied in the construction solution, by changing the PCM operational temperature range
according to the manufacturer options (commercial based solutions with different melting
temperatures and enthalpy). From the parametric study resulted the selection over a
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commercially available PCM from RUBITHERM with reference SP21E. This PCM consists
of a product based on salt-water mixtures and additives and it was macroencapsulated into
aluminum cases with dimensions of 450 m x 300 m x 15 m, thus containing approximately
2 kg of pure PCM per macrocapsule. Macrocapsules consist of two shaped aluminum plates
attached to each other, forming a final thickness of 15 mm (aluminum plates containing
PCM). They are joined at two centerd points and joined together at their frames (see
Figure 1). This macrocapsule, due to its composition based on aluminum, allow high heat
transfer between the PCM and the materials in contact with the aluminum macrocapsule.
This specific PCM solution was selected instead of a conventional paraffinic PCM-based
solution, due to the fact that the paraffinic PCMs reveal relatively low ignition resistance.
Thus, and compared to the generic paraffinic solutions, salt hydrate based PCMs are not
flammable and therefore highly recommended for construction solution incorporation.

Figure 1. PCM encapsulated in aluminum container.

The main manufacturers’ characteristics of the selected PCM are listed in Table 1.

Table 1. PCM properties used in this research (technical data from the manufacturer).

. . Melting Crystallization ..
Designation from Product Material Temperature/°C Temperature/°C Lat?nt Heat _ Thermal C_m;du_ctlvﬁy/W
Manufacturer Capacity/kJ kg1 m-1°C-1
Range Range
SP21E Salt-water mixtures 223 21-19 170 0.50

and additives

Finally, as a third step, two building solutions of the representative external envelope walls (reference solution
without PCM and thermally enhanced solution with PCM) were thermally characterized in laboratory conditions
and compared.

3. Case Study Definition
3.1. Tiny Houses—Real Scale Case Study

The present case study is depicted in Figure 2, consisting of two lightweight build-
ings with a cold-formed steel assembly, commonly designated as a light steel frame (LSF)
structure, with a treated floor area of 35 m2, which corresponds to a volume of 125 m3.
A building with this area, geometry and construction system is considered representative
of a typical tiny house that is easily erected in densely constructed urban areas. This con-
struction technology was chosen for the two tiny houses due to the growing tendency for
prefabricated construction systems, the faster building technology and the current trend of
residential downsizing and changing ownership/use. The LSF construction technology
offers a significant cost reduction potential, allowing, at the same time, improved qual-
ity control due to the nature of the structure assembly. However, as previously stated,
this building technology presents low thermal inertia and a significant risk of overheating
as its major weaknesses. Therefore, there is a need to improve the building construction
technology with the use of functionalized materials to define advanced building solutions
to overcome its inherent reduced thermal inertia.
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(b)

Figure 2. Tiny houses case study: (a) 3D design view of the tiny houses; (b) tiny houses under construction.

As observed in Figure 2, the largest glazed surfaces are southwest-oriented to potenti-
ate the solar heat gains. However, for the sake of comparison and attaining reliable results,
no shading solutions and/or systems were used in this phase to prevent overheating in the
warm season, thereby expecting a higher risk of overheating during the summer season.

For this study, one of the external envelopes (walls and roof) of the tiny houses
was constructed with the standard solutions to act as the reference cell, while the other
tiny house was executed comprising the thermally enhanced core solution in order to be
compared to the reference cell in terms of indoor thermal behavior.

3.2. Construction Solutions of the Reference Tiny House

The building’s envelope walls, floor and roof are composed of LSF structural ele-
ments, with the thermal insulation layer installed on the exterior surface. In Table 2 are
listed the characteristics of the insulation thickness and the thermal transmission coeffi-
cient (U-values) of the adopted construction solutions for the ground floor level, facade
walls, and roofing system, namely, the insulation thickness and U-value of the envelope
construction solutions.

Table 2. Insulation thickness and U-value of the envelope construction solutions.

. . n .
Opaque Construction Mlneral.Wool Insulation U-Value (W m—2 °C-1)
Element Thickness (mm)
Ground floor slab 60 0.54
Fagade walls 60 0.47
Flat roof 40 0.63

* Thermal conductivity of 0.037 W m~! °C~1.

Focusing on the external envelope walls, Figure 3 presents the standard construction
solution, applied in the reference tiny house. The ground floor and the roof assembly
solutions are equivalent in terms of material layers (although with different thicknesses).
The wall construction solution test specimen presented in Figure 3 have dimensions of
800 x 650 x 190 mm?.

With respect to the glazed envelope, the windows are composed of aluminum frames
(Ukrame = 2.40 W m~2 °C~1) with double glazing (Ugj.ss = 1.00 W m~2 °C~1) and a solar
heat gain coefficient of 0.21. This solution consists of a 6 mm thick exterior glazing pane,
a 16 mm wide argon gas filled space, and a second laminated glazing pane of 8.76 mm.
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Figure 3. Construction solution of the envelope walls: (a) 3D view of wall component; (b) cross
section view of the wall component; (c) layered composition of the reference solution.

3.3. Construction Solutions with Active Core-PCM Macrocapsule

Based on the reference envelope wall, an enhanced construction solution is presented
in this section. This solution as well as the PCM macrocapsule core position within it, are
defined based on experience from studies developed by the authors [4]. In these, an opti-
mization process was performed, incorporating different PCM solutions (the PCM operat-
ing temperature range was defined based on dynamic simulation analysis (See Section 3.4))
as well as their position in the exterior envelope construction solution, targeting two ob-
jective functions: the reduction in the overheating rate and heating demand. In [4], it was
concluded that the PCM charging and discharging process (phase change) is more effective
when the PCM is positioned closest to the innermost layer of the construction solution.
In this sense, as depicted in Figure 4, the same location was selected for the position of the
PCM core, immediately behind the finishing layer of the gypsum plasterboard.
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Figure 4. Construction solution of the envelope walls for the thermally enhanced tiny house (test
cell): (a) macroencapsulated PCM with aluminum case; (b) cross section of the enhanced solution;
(c) layered composition of the enhanced solution.

3.4. Whole Building Dynamic Simulation

This section presents the whole building dynamic simulation carried out to perform
a parametric study to define the most adequate and effective trade-off between the PCM
selection and the operating temperature range, to fully exploit the potential of the PCM
charging and discharging process on a daily cycle. The use of enhanced solutions containing
PCM requires a careful design of the construction solutions, starting from the selection of
the PCMs’ operating temperature range; otherwise, the full potential of the material latent
heat may be underexplored, including the external boundary conditions and internal use
profile (internal gains). Thus, to fulfil this purpose, the whole building dynamic simulation
software EnergyPlus™ was used to numerically analyze the dynamic thermal behavior
of the tiny house, comprising the enhanced solution with PCMs applied in the external
envelope walls. Due to the use of PCMs in the present work, the conduction transfer
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function (CTF) model for the algorithm of surface heat balance calculation methodology
was used. Regarding the thermal zones, the model has two thermal zones dividing the
ground and the elevated floor areas (Figure 5).

(b) (c)

Figure 5. Numerical model design in EnergyPlus™: (a) 3D model; (b,c) tiny house architectural
blueprints (no scale).

Regarding the weather conditions, the case study is located in the Aveiro region, in the
north central coastal region of Portugal, approximately 10 km from the Atlantic Ocean.
Considering the Koppen-Geiger climate World Map classification for a simplified weather
characterization, Aveiro is classified as a “Csb” subtype climate region with rainy winters,
dry summers and an average air temperature in the warmest month of 22 °C.

4. Results and Discussion
4.1. PCM Selection Using Dynamic Simulation

As previously mentioned, the PCM operating temperature range was selected through
numerical simulation of the building thermal behavior in free-running conditions. The expected
thermal regulation effect of the PCM is to buffer the temperature fluctuation in the cooling
season during the day to prevent overheating risk (indoor temperature above 25 °C).
During the heating season, the effect of the PCM is expected to store heat during the day
and release the absorbed thermal energy during the night period to avoid an excessive
temperature drop of the indoor air temperature, thus balancing diurnal and nocturnal
indoor temperatures in a passive manner.

Since overheating can be defined as the number of hours for which the indoor tem-
perature is above 25 °C on an annual analysis, according to Figure 6, it is possible to
conclude that all analyzed possible PCM solutions are subjected to high overheating risk,
highlighting longer periods for the reference scenario and for the scenario containing PCM
with a peak melting temperature closest to the upper temperature limit for indoor thermal
comfort, establishing overheating (indoor temperature above 25 °C). Furthermore, it is
possible to conclude that the use of PCMs with high peak melting temperature can increase
the risk of overheating, hindering indoor spaces to manage to decrease the indoor air
temperature during the night period. Thus, the best result was attained for the construc-
tion solution with PCM SP21E, revealing a total of 4% of the year in thermal discomfort
by overheating.
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Figure 6. Annual indoor air temperature results: reference model vs. model with thermally enhanced
solutions comprising different PCM operating temperature ranges.

4.2. PCM Thermal Characterization: Differential Scanning Calorimetry and T-History

The relationship of enthalpy as a function of temperature is one of the most important
thermal properties of PCMs, as it reveals the material thermal behavior in terms of phase
change and latent heat capacity. Differential scanning calorimetry (DSC) analysis is a
laboratory test in which the PCM samples are submitted to controlled temperatures for
heating and cooling cycles at specific heating and cooling rates, and the corresponding heat
fluxes are recorded, thus providing the relevant information about the temperatures and the
associated specific enthalpies, according to the PCM'’s crystallization and melting processes.
For obtaining the phase change temperature range as well as the enthalpy (or specific
heat capacity) as a function of temperature, DSC tests were performed on the pure sample
of Rubitherm PCM SP21E. Before testing, due to the hygroscopic properties of this PCM
solution, the samples were frozen at 0 °C, according to the manufacturer recommendation.
Then, the test was executed for heating and cooling cycles within a temperature range
comprehended between 10 and 50 °C at the heating and cooling rates of 1 °C min~!,
and the weight of the PCM samples was approximately 32.15 mg. The experimental results
obtained are presented in Figure 7 for the heating and cooling cycles, respectively.

50

40 1 Endo : Peak = 25.12 °C

Onset=21.97 °C

301 AH = 146.095 Jg'!

Heat Flow (mW)

30 1 Peak = 17.40 °C

Onset = 18.38 °C

AT AH = 141.105 Jg'

-50

5 10 15 20 25 30 35 40 45 50
Temperature (°C)

Figure 7. DSC curves for the pure samples of the Rubitherm PCM SP21E.

Regarding Figure 7, a difference between the peak melting and peak crystallization
temperatures was observed, thus revealing the existence of a supercooling phenomenon
(around 7.72 °C of supercooling). Regarding the manufacturer technical data, the expected
peak melting temperature should occur at 21 °C; however, during the melting phase of
the PCM, a peak melting temperature of 25.12 °C was attained. During the crystallization
phase, the peak crystallization was attained for a temperature value of 17.40 °C.
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Given the attained differences in terms of expected (technical datasheet) and experi-
mentally obtained (DSC) peak melting temperatures, a new test was executed using the
T-history approach, as presented in Figure 8.

100 1
w0 1 Endo Peak=22.00°C
E Onset=21.00°C
60 F AH=190.00J g
B 40 3
= 3
= 20 +
o .
< 3
S 00— — =
o ] Seec-. !
w -20 3 v
@ 3 Vo
T o0l Vo Peak =21.50°C
1 - Onset=23.00°C
60 T AH=173.00] g!
] Exo
80—ttt
0 5 10 15 20 25 30 35
Temperature (°C)
100 7
50 3 Endo Peak = 22.00 °C
E Onset =21.00 °C
60 ¥ AH=190.00] g'!
w40 1
Z 201
o -
s ]
S =
© g T I
® -20 ¥ oo
o 1 Vol
T 01 Vo Peak = 21.50 °C
E b Onset = 23.00 °C
-60 F N AH=173.00] g'!
] Exo
-2 F——""t—at——t————t—
0 5 10 15 20 25 30 35

Temperature (°C)
Figure 8. T-history analysis to measure enthalpy for the pure PCM SP21E.

In this test methodology, pure PCM samples with approximately 15 gr of weight were
heated up to 60 °C in a water bath until completely melted and then cooled down to 10 °C
to find the supercooling degree.

Comparing the DSC curves with the T-history test, changes in thermal behavior
were registered regarding the peak melting temperatures, onset temperature values and
enthalpy, despite the fact that the PCM tested was exactly the same product, collected from
the same batch.

The differences observed for the results may be related to the total amount of the
sample tested (and how it was collected) for the two approaches. Despite DSC analysis
being a standard tool for the measurement of latent heat of PCMs, this specific method
requires a very reduced material sample. This characteristic may not be problematic with
homogeneous materials. Nevertheless, salt hydrate PCMs present local heterogeneities,
which may induce sampling errors to the DSC tests, thus not allowing to be obtained the
representative properties of the compound [29-31]. The T-history method proved to be
more suitable for salt hydrate based PCMs.

4.3. Hot Box Heat Flux Meter

To evaluate the impact of incorporating the PCMs into the construction solution of
the external envelope walls in terms of equivalent thermal conductivity, the hot box heat
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flux meter approach was used. The hot box apparatus consists of two chambers with
controlled conditions of temperature and relative humidity, separated by a mounting ring
where the test specimen is installed. This test was developed to evaluate the equivalent
thermal conductivity of the representative wall specimens, from the base wall solution
(reference wall) to the developed solution containing the PCM macrocapsules (enhanced
solution). As previously referred, the enhanced wall solution comprises an inner layer
(located behind the gypsum plaster wallboard) containing the aluminum macrocapsules
of PCM. Both specimens were instrumented with heat flux meters on both sides (HTflux),
with PT100 sensors inside the chambers (Figure 9).

B Specimen surface #1 Specimen surface #2
H/3

| ; +HF1 a z -'|-_“:3 .6
wa  HFTL 3 +HF4

o o  HFT2 o el
H/3

\ k i )L .{ + \
Pwsz T owsz T ows | w/3 w/3 w/3

® Thermocouple + Heatfluxmeter %  Heatfluxmeterw/
Temperature Sensor

(b)

Figure 9. Hot box heat flux meter approach: (a) hot box apparatus (b) schematic layout of heat flux
meter and temperature sensors positioning on the specimens’ surfaces.

The first test was conducted with the goal of characterizing the equivalent thermal
conductivity of the reference wall, followed by the enhanced wall containing PCM macro-
capsules. Thus, in Figure 9, it is presented the experimental results of the heat fluxes as
a function of the temperature increase in steps of steady state conditions. For both wall
specimens, 17 steady state steps were defined.

Analyzing the results from Figure 10, a value of 0.13 W m~! °C~! was obtained for the
thermal conductivity (at a temperature step of 22 °C) as a function of the mean specimen
temperature for the reference wall, and a value of 0.12 W m~! °C~! for the enhanced wall
was also obtained for the equal temperature step.

Due to the observed variance in the heat flow as a function of the temperature evolu-
tion, specially highlighted in the case of the construction solution containing PCM, a full
characterization regarding the thermal conductivity as a function of the mean specimen
temperature for both wall solutions is presented in Figure 11.

The obtained results for thermal conductivity exhibited an increasing trend with an
excellent correlation between the thermal conductivity values and the mean specimen
temperatures, as corroborated by the square correlation coefficient (R?) attained of 0.98,
for the reference wall solution. Thus, the performed test on the reference solution to attain
the thermal conductivity evolution along the temperature increase resulted in a thermal
conductivity comprehended between 0.08 and 0.33 W m~! °C~! for a temperature range
between 14.87 and 42.55 °C.

For the enhanced wall solution with PCM macrocapsules, it was observed that during
the phase change transition zone (assigned in the plot with a gray box), thermal conductivity
values tend to maintain stability, followed by a slight decrease, thus revealing significant
discrepancies in this parameter. This behavior occurs due to the simultaneous influence of
temperature rise and phase change fraction of the PCM, in addition to the coexistence of two
physical states with different thermophysical properties, evidencing the PCM’s inherently
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PT100_
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— — = PT100_4 (LabTemp)
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non-linear nature [32]. The evaluated thermal conductivity values are comprehended
between 0.08 and 0.11 W m~! °C~! for temperature intervals from 15.04 to 19.00 °C below
the phase change transition range, and thermal conductivity values above the phase change
transition range are comprehended between 0.12 and 0.28 W m~! °C~! for mean specimen
temperatures of 26.79 to 42.58 °C, respectively. The obtained results for both stages (before
and after the phase change range) reveals an excellent R?, demonstrating an excellent fit to
the experimental data.
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Figure 10. Hot box results: heat flux evolution when wall specimens are subjected to different

temperature steps. (a) Reference construction solution; (b) enhanced construction solution with PCM
macrocapsules.
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Figure 11. Equivalent thermal conductivity as function of the mean specimen temperature for both
construction solutions.

Additionally, with the objective of comparing the thermal behavior of both wall solu-
tions (the reference and the enhanced solution) when subjected to a temperature differential,
simulating the indoor and outdoor temperature evolution of a daily cycle, the hot box
apparatus was again used. Thus, the indoor temperature behavior was characterized in
free-running conditions (using one chamber in passive conditions) as a consequence of a
controlled temperature (using the other chamber in active metering mode).

Comparing the air temperature values inside the passive chamber (simulating indoor
conditions) of both solutions, in Figure 12, a very expressive reduction in the temperature
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fluctuation was observed for the enhanced wall with PCM macrocapsules. A difference of
4 °C between curves was obtained for the period of the day in which we attained the maxi-
mum daily temperature inside the passive chamber. However, the fluctuation reduction
presented in the temperature evolution curve of the construction solution containing PCM
(red curve), observed after completing a cycle of 24 h, is an indicator that the latent heat of
the PCM will not be fully discharged considering a daily cycle. This behavior is observed
by the reduction in the temperature difference between curves during the third cycle of the
test (hours: 60 to 75).

Reference wall - without PCM

Enhanced wall - with PCM macrocapsules
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Figure 12. Hot box results: indoor air temperature profiles.

Analyzing the differences obtained between temperature curves, experimentally as-
sessed, it is concluded that the use of PCM as a thermal regulator in the tiny houses
certainly will contribute to the indoor thermal comfort in both seasons along the year with
promising results.

5. Conclusions

The present study provides a meaningful contribution for passive thermal regulation
strategies for indoor spaces, using a lightweight construction solution containing macroen-
capsulated salt hydrate based PCM. DSC and t-history analysis were used to characterize
the thermal behavior of the PCM, and the hot box tests were used for thermal conductivity
characterization of the construction solutions.

DSC analysis allowed the observation of several differences in the PCM thermophysi-
cal properties when compared with the manufacturer’s datasheet. The T-history analysis
revealed an increased accuracy of the latent heat behavior when compared with the man-
ufacturer’s datasheet rather than DSC. The T-history method proved to be more suitable
for non-pure substances as well as for salt hydrate based PCMs. Thermophysical char-
acterization revealed by the experimentally obtained heat storage capacity of 190 J g~ !
allows to classify the use of salt hydrate PCMs as a possible alternative solution to the usual
paraffinic-based PCMs.

Using the hot box approach, a good correlation between the equivalent thermal
conductivity values and mean specimen temperatures was attained for the reference con-
struction solution (without PCM) and for the enhanced construction solution containing
PCM, when the mean specimen temperature is located outside the phase change transition
zone (PCM completely solid and completely liquid). Thermal conductivity values tend to
maintain stability during the phase change temperatures range, followed by a consider-
able decrease, thus revealing a non-linear behavior. Comparing the obtained values for
thermal conductivity of both solutions, a reduction of 12.6% (average value) was observed
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in this thermal property, due to the addition of the PCM macrocapsules in the reference
constructive solution.

Concerning the hot box approach test, with only one active chamber and the other
chamber in free-running conditions, to evaluate the thermal regulation effect of the PCM,
good results in terms of mitigating overheating rate reduction were attained. This proves
that the use of salt hydrate based (macroencapsulated) PCMs incorporated into the envelope
walls in such a construction system is suitable to compensate for the lack of thermal inertia
of lightweight construction typologies, such as LSF buildings. Nevertheless, the hot box test
revealed the importance of adequately select the operating temperature range of the PCMs,
as a function of the desired indoor temperature range. On the other hand, the weight of
the PCM incorporated into the construction solution plays a significant role in the overall
efficiency since the excessive weight of PCM may not be fully charged /discharged for a
daily cycle, as observed with the hot box test.

This study highlights the high potential for the development of innovative construction
solutions incorporating salt hydrate based PCM macrocapsules, suitable to be incorporated
into lightweight constructions toward new and existing buildings.
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