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Abstract: Periodical changes of temperature on an external surface of building envelope, e.g., thermal
stress or excessive heat gains, is often an undesirable phenomenon. The idea proposed and described
in the following paper is to stabilize the external surface temperature in a period of significant
heat gains by the originally developed, novel composite modified by phase change material (PCM)
and applied as an external, thin finishing plaster layer. The PCM composite is made from porous,
granulated perlite soaked with paraffin wax (Tm = 25 °C) and macro-encapsulated by synthetic
resin. The effect of temperature attenuation was estimated for two designated periods of time—
the heat gains season (HGS) and the heat losses season (HLS). The attenuation coefficient (AC) was
proposed as evaluation parameter of isothermal storage of heat gains determining the reduction of
temperature fluctuations. The maximum registered temperature of an external surface for a standard
insulation layer was around 20 K higher than for the case modified by PCM. The calculated values of
AC were relatively constant during HGS and around two times lower for PCM case. The obtained
results confirmed that the proposed modification of an external partition by equipped with additional
PCM layer can be effectively used to minimize temperature variations and heat flux in the heat
gains season.

Keywords: PCM-perlite composite; thermal inertia; heat storage; attenuation; in-situ measurements;
real scale experiment; building facade; temperature; solar radiation

1. Introduction

During the last 20 years, phase change materials (PCM), mainly organic or inorganic, became
a building fabric or a part of components in many different applications [1]. The most popular
organic compounds used in buildings are paraffin. They are characterized by unique thermo-physical
properties such as a very high latent heat of phase change with very low volume decrease [2,3].
Additionally, they are non-toxic, non-corrosive, and chemo-physically stable [4]. The weakest feature
of paraffin is flammability [5] which limits the possibilities of their application in building interiors [6].
Simultaneously, the inner location of PCM layer is the most effective solution for stabilizing the
indoor temperature [7,8]. Particularly, among the passive applications of PCM [9], lightweight
construction buildings reveal the highest potential to improve thermal inertia [10]. This effect the
storage of a large amount of energy with slight temperature fluctuations in the transition range [11].
Therefore, application of the PCM layer in an inner location was widely investigated [12], taking into
account thermal comfort and the energy performance of buildings. Generally, PCM can be implemented
into an inner part of a wall structure in different forms such as: impregnation of building materials,
micro-encapsulation, or as a shape-stabilized thin plate [13]. Almost any construction material
like concrete [14], gypsum [15] and ceramic [16] was considered as a matrix for paraffin or fatty
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acids. Hawes et al., 1993 [17] examined the performance of gypsum wallboard and concrete block
which have been impregnated with PCM. Lee et al. [18] investigated the improvement of thermal
performance of residential building walls with a PCM thermal shield. Athienitis [15] studied the
thermal performance of a gypsum board impregnated with phase change materials in a building
scale. Additionally, improvement of heavyweight, passive solar collector wall was investigated
experimentally [19,20] and numerically [21,22].

Although a lot of research studies were dedicated to the investigation of PCM placed from indoor
side of the wall the last decade brought a number of different external applications. One of the first
ideas was to use PCM in shading systems like blinds, e.g., a louver system [23]. In such system:s,
the energy from solar radiation is stored during the period of excessive heat gains (during a day)
and released at night [24]. Such solution can not only balance the heat flux through glazing facades
effectively, but also prevents overheating during peak hours as well. Alternatively, PCM can be applied
directly to the glazing unit as a filling for an air gap between glass sheets [25] or as a glass block [26],
giving a similar effect as blinds. However, recent reports [27] have shown that PCM affects not only
the direct transmission of solar energy, but also can improve the energy performance of opaque,
well-insulated walls [28] or roofs [29]. In opaque structures, PCM was used to stabilize the temperature
of photovoltaic (PV) panels and increase their effectiveness [30]. Such a solution can be attractive for
any PV system integrated with building envelope, e.g., building facades (BIPV) characterized by a
limited capability to cool down covering elements exposed to solar radiation [31].

The main purpose of this work is to experimentally investigate the effect of external, thin
PCM layers on the dynamics of the thermal insulation and the overall performance of the external
wall. The full scale experiment was conducted under moderate climatic conditions over the whole
calendar year. This main goal was formulated according to the Kosny J. hypothesis, that as a result
of the improved thermal performance gained from PCM incorporation, lighter and thinner building
envelopes can be designed and constructed to take full advantage of performance [11].

2. Problem Definition and Research Challenge

As it was stated in Section 1, the application of PCM in external layers of building envelope
becomes more and more popular and attractive solution. One of the first works dedicated to find the
optimal location of PCM layer in an external building wall was done experimentally by Jin et al. in
2013 [32]. Authors evaluated and compared thermal performance of building walls with and without
PCM. It was concluded that the optimal location of a PCM layer is approximately 1/5 of a wall
thickness from the internal surface. Similar analysis of position of macro-encapsulated PCM in
concrete walls was investigated in [14]. The authors considered only three possible positions: the inner
part, outer part, and the middle of the wall. They found out by experimental investigations that
on sunny days, the maximum and minimum temperatures of the case externally bonded with PCM
were respectively 2.0-2.5 K lower, and 0.5-1.5 K higher when compared with those of the reference
model without PCM. This solution is advantageous to applications in buildings where PCM walls
can be used to absorb heat during daytime and release it at night, or when there are no internal
heat sources. Similar results were achieved by Panayiotou et al. [33] who revealed more than 28% of
energy savings by the location of a PCM layer at an optimum position in the external wall between the
outer side of the brick and the plaster layer. The other parametric study of PCM location was done
using computational techniques [27]. Authors revealed that the outer location of a latent heat storage
layer could considerably improve thermal performance in summer. For cold climate applications,
the recommendations based on numerical simulations were formulated in [34].

The effect of an externally positioned PCM layer is much higher when the material is combined
with thermal insulation. Initial studies and reports on the enhancement of insulation layer were
performed based on the investigation of the effect of microencapsulated PCM dispersed in a cellulose
insulation [29]. The material was applied in an attic floor and dynamic thermal characteristics were
analyzed numerically. Using a refined computational model, the effect of the external PCM layer in
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a wall was investigated by Wieprzkowicz & Heim in 2016 [28]. In the paper [35], a novel way for
testing various kinds of wall constructions, known as plug-and-play walls (PPW), was introduced.
The use of the PPW concept was demonstrated by evaluating the thermal performance of a thin
PCM layer, herein referred as “PCM thermal board” (PCMTB). The results showed that the average
daily heat transfer reduction, was 27.4% and 10.5% for south- and west-directed walls respectively.
Additionally, the average heat flux reductions when the heat fluxes of the control walls were at their
peaks were 67.0% and 80.2% for the same fagade orientations, respectively. It was demonstrated that
the integration of a thin PCM layer also delayed the peak heat transfer rate per unit of a wall area
approximately from two to three hours. Therefore, this solution was classified by some authors as a
new building technology towards dynamic thermal insulation [36,37].

The concept proposed and developed in this paper concerns the case where the PCM layer is
located on the external surface of thermal insulation exposed to the external environment. The PCM
composite was optimized for summer conditions to decrease the heat gain flux and to reduce
overheating risks in the room. Authors assumed that PCM layer stabilized external surface temperature
not only during the day (storage period), but also during the night (releasing period). For long term
exploitation, it would lead to balancing of heat transfer through the wall during the whole summer
season and would generally improve the thermal performance of the wall.

3. Walls with an Activated, External Surface Layer

One of the main objectives of this research work was to develop a novel composite by using
extremely porous granulated perlite (as a matrix), paraffin wax (as a PCM), and a quick-drying flexible
liquid membrane (as a sealing material). The composite differs from existing solutions based on
cellulose insulation [36] or polyurethane foam matrix [38], where PCM was initially microencapsulated.
The challenge of a development such as the composite was to ensure the tightness of the structure
when the material became liquid. Therefore, the production of composite layer had to be performed
using the following steps. Firstly, perlite with a specified particle size was soaked with liquid PCM
(melting temperature Ty, = 25 °C). Then the whole structure was cooled down and mixed with
the sealing material. The composite was implemented on the external surface of the insulation
material—the mineral wool (Figure 1). The mineral wool sample was prepared to be used directly in
an experimental wall, developed for the purpose of this experiment. The component was conditioned
with a stable temperature (below Tr,) for 12 h to achieve a fully dried state. After that, the tightness
was checked by testing it during the next three weeks by direct exposition to solar radiation in the
day (material temperature above melting temperature) and cooling in the night. The final insulation
component with additional layers of PCM-perlite composite was installed in the wall structure and
equipped with temperature sensors.

Figure 1. The phase change material (PCM)-perlite composite placed on mineral wool insulation component.
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The overall thickness of the PCM-perlite composite was 2 cm, and the total density was 694 kg/m°.
1 kg of fresh composite slurry was produced from 0.125 kg of perlite, 0.125 kg of paraffin wax and
0.75 kg of liquid membrane. The composite material was integrated with the mineral wool directly by
liquid membrane. Not any other binder or finishing material was used.

4. Experimental Set-Up

In order to investigate the thermal performance of the developed PCM-perlite composite
integrated with thermal insulation under moderate climatic conditions (the city of Lodz, 51°46 N &
19°27 E, Poland, Central Europe), a special experimental set up was constructed. The main assumption
was to build a test stand that would allow to take into account all thermal processes and disturbances
occurring in a real environment for which the proposed solution was designed. For this purpose,
part of the existing building external wall was reconstructed. Since the thermal performance of the
external partition is strongly influenced by both internal and external heat fluxes, it was assumed that
experimental set-up should include not only the considered wall, but also an adjacent room.

The proposed PCM-perlite composite was designed mainly with modern, lightweight constructed
office buildings in mind. Thus, the experimental wall was constructed as steel framework with
a ventilated rain screen wall, and covered with BIPV panels from outside with a centrally positioned
square window. The area around the window was divided into test sections with dimensions
60 cm x 60 cm (Figure 2).

EEEE

Figure 2. Front view of the facade with internal division into 12 sections. REF: Reference.

Such an approach was taken to conduct simultaneous doubled tests of developed composite
and reference, basic constructions (a mineral wool without PCM). It was assumed that evaluation of
the proposed solution should be made by comparison to the reference case. The basic external wall
was built from the following layers (pointed from inside): 1 cm of chipboard, 20 cm of mineral wool,
5 cm of ventilated air gap, and external lining made from a copper indium selenide (CIS) PV panel.
The modified wall differed from the insulation layer, which was covered from the outside with an
additional, thermally active composite (PCM-perlite), Figure 3.
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Figure 3. Cross section through the facade equipped with a PCM composite layer, dimensions in
millimeters. PV: photovoltaic.

Each tested section of the experimental wall was equipped with eight temperature sensors
(Figure 3). The first one measured the temperature on the internal surface of the wall, which can be
treated as an internal boundary conditions for the mineral wool. The second one was placed in the
middle of the thermal insulation layer and was installed to check the influence of the PCM-perlite
composite on the thermal response of the insulation. The next four sensors were concentrated around
the PCM-perlite layer. Such compaction of the sensors was introduced in order to increase the accuracy
of the measurements and for mutual verification. Since latent heat storage is an isothermal process,
accurate readouts are crucial for robust analysis of PCM performance. The last two temperature
sensors were installed in the ventilation cavity and on the back side of the PV panels. These were used
for the verification of compatibility of external boundary conditions for all sections.

The digital temperature sensors, which have a high precision bandgap reference with a
proportional-to-absolute-temperature (PTAT) output and a low-power and high-precision analog
to digital converter (ADC), were used. The temperature sensors were fully calibrated. Two types of
sensors were used (Figure 4): TSic 506 (sensors 1-6) and TSic 306 (sensors 7 and 8). It was stated that
due to the high thermal resistance of the insulation layer and thus small temperature fluctuations,
very high accuracy was required to precisely compare the results. High accuracy of the measured
values was also required to the describe performance of the PCM-perlite layer, which is very sensitive
to temperature fluctuations. According to this, the most accurate sensors, with an accuracy of 0.1 K
in a range of 40 K (from 5 to 45 °C), were applied (Table 1). Due to the fact that the measurement
range of this sensor is —10 to 60 °C, it could not be used for the measurement in the places numbered
7 and 8 (Figure 4), since temperature in these locations could exceed this range. For the measurement
of air temperature in the cavity and on the back surface of PV panels, sensors with a lower accuracy
(of £0.3 K in a range from 10 to 90 °C) but wider measurement range (—50 to 150 °C) were applied.
Moreover, a middleware electronic board with an advanced RISC machine (ARM) microprocessor
that communicates the sensors, and a raspberry pi device, was custom-developed for the purpose of
the experimental set-up. Software for this purpose was developed in C/C++ and Python using GPL
licensed compilers and libraries. The provided solution automated the process of periodical collecting
data from the sensors and enabled reliable and secure data storage. The readouts were made with a
5-min time step.
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Figure 4. Location of the temperature sensors.

Table 1. Basic characteristics of temperature sensors.

Type of the Sensor  No of the Sensor  Accuracy (K) Measurement Range (°C)

TSic 506 1-6 +0.1 —10-60
TSic 306 7&8 +0.3 —50-150

The thermal conditions inside the adjacent room reflected the indoor climate of a typical office.
Moreover, external environment parameters such as dry bulb temperature, and direct and diffuse solar
radiation were monitored by the weather station located on the roof above the experimental set-up.
This allowed to verification for any incorrect readouts not consistent with the external boundary
conditions that were made.

5. Results, Analysis, and Discussion

5.1. External Boundary Conditions

Due to air flow in the facade (induced by wind) it was also crucial to verify the temperature
distribution in the ventilated cavity. Reliable comparison of the results obtained for two sections of
experimental set-up could be made only when external boundary conditions (due to temperature
in the air gaps) were unified. Based on the results presented in Figure 5, it was observed that the
temperature next to the section with PCM-perlite composite was convergent with the temperature next
to the reference section. This was also confirmed by the value of determination coefficient (R = 0.99)
calculated for the whole analyzed period of one calendar year.



Appl. Sci. 2018, 8,11 7 of 13

(<2}
o

wu
o

N
o

.

w
o

Temperature (°C)

N
o

04.08 05.08 06.08 07.08 08.08 09.08 10.08
Time (day)

Figure 5. Verification of the external boundary condition.

5.2. Temperature Fluctuations

Due to a large number of measured data, temperature fluctuations in selected sections were
presented only for a specific period of time—one week. Temperature distributions on the external
surface of the components were presented in Figure 6. Nevertheless, all results collected during one
year of measurements were comprehensively analyzed and conclusions stated below were justified.

In Figure 6, temperature fluctuations for two sections: the enhanced with PCM-perlite (P4) and the
reference panel (P6), were presented. Based on the results presented in Figure 6 it was observed that
temperature on the external surface of panels modified by the PCM-composite was visibly lower during
the day and higher during the night-time, compared to the reference panel. As expected, application
of PCM reduced daily amplitudes of the external surface temperature. It was also observed that due
to the highly intense and sudden occurrence of solar radiation during latent heat accumulation in
PCM-composite temperature rose, but did so more slowly than the reference panel. Moreover, when the
temperature dropped below the solidification temperature of paraffin, release of accumulated heat
caused a very slow decrease of temperature.

70

DHp(:M = 672 Kh
DHREF= 1021 Kh

Temperature (°C)

10 A Tav=25.06 °C

04.08 05.08 06.08 07.08 08.08 09.08 10.08
Time (day)

Figure 6. Temperature fluctuations during a selected period of time for proposed and reference cases
(in—internal temperature T1, ext—external temperature T7). DH: degree hours.
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To compare both cases (PCM and reference) the degree hours (DH) related to the average
temperature (T,y) for reference panel were calculated.

1 n
DHy = — Z|Ti,x - Tav| (1)
125

where

n—number of readouts during a one-year measurement (1 = 105,120),
1/12—coefficient due to 5-min time step of measurement readout,
T; y—surface temperature, x denotes specific test section (PCM/REF).

Values of DH are the measure of temperature fluctuations and were calculated as an absolute
value of temperature during an analyzed period of time. It means that the periods of heat accumulation
and releasing were summed up. Calculated DH are displayed in Figure 6. The values obtained for the
reference (REF) case were almost two times higher than for the PCM case. These results confirmed
the two times lower dynamics of the wall with a PCM layer in comparison with a traditionally
insulated partition.

5.3. Attenuation Coefficient

According to the literature [39,40], the thermal stability of a building envelope can be typically
characterized by the decrement factor. Since the fluctuations of outdoor air temperature are the cause of
fluctuations in the temperature of the building envelope, the decrement factor is calculated as the ratio
of amplitude of external temperature fluctuations to internal surface temperature fluctuations. In most
theoretical considerations, it is assumed that temperature fluctuations are harmonic, i.e., they follow
the sine wave within a 24 h period. For the purpose of this study—analysis of the external active layer
performance, the attenuation coefficient was proposed, as (Figure 7):

_ AT6™ _ T6fax — T63in 2
AT7*  T7% . — T7%

min

AC

where:

x—number of analyzed test section (PCM /REF)
Té6—readout from temperature sensor 6 (according to Figure 4)
T7—readout from temperature sensor 7 (according to Figure 4)

Temperature (°C)
AT7"

0:00 4:00 8:00 12:00 16:00 20:00 0:00

Time (hour)

Figure 7. Example values used for attenuation coefficient calculation.
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The attenuation coefficient (AC) was introduced to quantitatively describe and compare the
ability of an externally positioned layer of material to attenuate the temperature fluctuations on the
external boundary of the partition. Considering a single day of the analysis, it can be stated that the
higher value of attenuation coefficient causes the bigger daily temperature amplitude on an external
surface. Comparing results for analyzed sections, it can be concluded that lower values of attenuation
coefficient means a greater ability of the layer to decrease the temperature fluctuations.

The analyzed one-year period of measurement was divided into two seasons:

e  Heat loss season (HLS)—days when maximum daily temperature on external surface of the wall
was higher than maximum daily temperature in the ventilated cavity of the facade,

e  Heat gain season (HGS)—days when maximum daily temperature on external surface of the wall
was lower than maximum daily temperature in the ventilated cavity of the facade.

Values of attenuation coefficients were calculated for each day of the analyzed one-year period of
time. Nevertheless, since the aim of comparative analysis was to determine the effect of latent heat
storage on thermal performance of the wall, it was stated that analysis should be proceeded only for
the days when phase change occurred in the PCM-perlite composite (P4). It was assumed that latent
heat accumulation could have occurred when maximum daily temperature measured in the point T7
(Figure 4) was greater than 25 °C, and minimum daily temperature measured in the point T4 was
lower than 25 °C. In Figure 8, the values of AC calculated for the period of the whole year for the test
section (P4) were presented. It can be observed that during the winter months (X-II) phase change
did not occur, and due to the assumption of HLS length, only HGS was further analyzed (164 days
from 352).

x PT O noPT

1.4

Il 1] \% V VI Vil VIl IX X Xl Xl
Time (month)

Figure 8. The attenuation coefficient (AC) values calculated for test section modified with PCM
(PT—results for these days when phase transition occurs, noPT—results for the days without
phase transitions).

Results obtained for the panels with PCM-perlite composite (P4) and reference one (P6) are
presented in Figure 9. In the further analysis values measured by two sensors—T6 and T7 were used.
As was proved before, temperatures registered by sensor T7 were almost equal for all sections; thus the
differences revealed in attenuation coefficient came from the different temperatures registered on the
external surface of the wall.
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Figure 9. The AC values calculated for two test sections: PCM—modified with PCM (P4), REF—
reference one (P6).

Based on the results presented in Figure 9 it can be clearly noticed that the values of AC calculated
for the reference test section (P6 = REF) are much higher than for PCM-perlite composite (P4 = PCM).
The mean value obtained for P4 was almost two-fold lower than for P6 (0.36 and 0.66 respectively).
Moreover, it was observed that the standard deviations from the average values of AC were similar for
both cases (0.068 and 0.067).

The biggest differences between two analyzed test sections were noticed during the summer
months (V-VIII). Analysis of the correlation between AC and daily temperature difference in the
ventilation cavity (Figure 10) revealed that for lower daily external temperature attenuations (up to
20 K), values of AC were more differentiated, while with the increase of AT7, their values became more
convergent. It can be also noted that maximum AC for both cases was independent of temperature
alterations. On the other side, the minimum values of AC rose for higher values of AT7.

x PCM O REF

AT7 (K)

Figure 10. Dependence of AC on daily external temperature fluctuations.
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6. Conclusions

The concept of external application of PCM layer in the building wall was presented in the paper.
The general idea of this solution was to attenuate the daily temperature fluctuations on the external
wall surface. Theoretically, the effect could be obtained by charging the phase change material during
the day and releasing stored energy during the night. This assumption was based on preliminary,
theoretical analyses conducted by authors and others, referred in Section 2.

Based on the experiments conducted during one year of measurements it was found out that
transition occurred only during some specific days. This was caused not only by the assumed
melting temperature of the PCM-composite, but also by daily external temperature fluctuations.
For fluctuations below 20 K, the PCM application contributed to the attenuation of temperature
fluctuations of the external surface of the wall, but the efficiency of this attenuation was variable.
The behavior was more regular for higher daily temperature differences.

The assessment of PCM-composite performance and its comparison with the reference case was
performed based on the Attenuation Coefficient (AC). The AC was calculated using the formula
proposed by authors (when temperature fluctuations are enharmonic) as an alternative to well-known
decrement factor. This original approach allowed the assessment of experimental results obtained
under unstable and unpredictable changes of climatic conditions. The obtained values of AC showed
that PCM-composites revealed around two times higher heat storage potential in comparison with
traditional, high-density mineral wool. On the other hand, this effect strongly depended on external
daily temperature fluctuations related to assumed melting temperature of PCM.

For some, particular building applications under specific climatic conditions the stabilization of
heat flux waves amplitude can lead to decreasing of heat loss and gains as well as building energy
requirements for heating or cooling. The possible energy savings were not considered in that paper,
but could be studied in the future works.
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