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Abstract: The thermal performance of building envelopes is essential for building thermal comfort
and the reduction of building energy requirements. Phase change materials (PCMs) implemented
in building envelopes can improve thermal performance. An explicit finite element method (ex-
FEM) has been developed based on a previous study to investigate the heat transfer performance
through building walls with installed PCMs. For verification, we introduce an electrical circuit
analogy (ECA) method. For model validation, at first, COMSOL is used. For comparison, data were
collected from experiments using a small hotbox, part of the sides are covered by PCMs with different
configurations. This work shows how the ex-FEM model can predict the wall’s temperature profile
with and without incorporated PCM. With the implementation of PCMs, the work problematizes
unpredictable influences for modeling. In addition, the study introduces results from simulations of
sequencing of PCM layers in wall construction.

Keywords: phase change materials (PCMs); thermal performance; ex-FEM; COMSOL

1. Introduction

To maintain a stable indoor temperature, an effective and efficient heat storage and
release system is desired. This heat storage is significant in areas characterized by large
diurnal variation in outdoor temperature and solar radiation. It can decrease the supplied
energy demand for heating and cooling and improve indoor thermal comfort (i.e., suppress
indoor temperature fluctuation). Investigations of improved building thermal comfort and
energy efficiency have been performed by [1-5] during the last few decades. Additionally,
they presented various strategies for enhancing the thermal performance (i.e., heat storage
and release) in building components and /or envelopes.

Conventionally, heavy materials such as soil [6], concrete [7], brick, stones [8] in
building construction materials in the envelopes can give sufficient thermal storage capacity
and moderate indoor temperature variations over time, and an improvement of the thermal
comfort. This strategy has turned out to be quite effective. Still, heavy materials are contrary
to the design trend [5] in modern buildings, using glass walls and structures of materials
with low mass and thermal storage capacity. An example of this is wood, frequently used
in some countries.

As opposed to the conventional strategies with thermally heavy materials mentioned
above, a novel technique is phase change materials (PCMs) implemented in the building en-
velopes. PCMs in this context are often substances as polynary fatty acids [9], paraffin, and
crystalline salt hydrates [5], that undergo a phase transition with a heat absorption/release
within a narrow temperature interval. PCM is mostly selected based on the desired indoor
temperature. The results by Athienitis et al. [10] showed that the indoor peak temperature
reduction by 4 °C during the day in Montreal, Canada, and Ismail and Castro [11] showed
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that the cooling demand reduced by 19-31% in rooms in Campinas, Brazil, by using PCM
composite walls and a PCM layer in the ceiling. Also, the application of PCM as energy
storage in building envelopes can shift the energy demand away from peak hours, which
has been studied by [12]. Moreover, PCMs are versatile and flexible. They can work well in
different weather conditions during winter and summer [13], and it is claimed they meet
other engineering purposes such as easy implementation and cost-effectiveness [1-5,14].
Therefore, PCMs have been recognized [5,15] as promising heat storage and indoor climate
control candidates. Zhou et al. [16] have reviewed the application of PCMs for building
applications. They mentioned the incorporation method and the location of PCMs in
building systems, which work as wallboard [17,18]. Also, there are different numerical
approaches. A comprehensive compilation was produced by Kosny [19] in 2015 regarding
knowledge and results for PCMs, their properties, performed laboratory tests and full-
scale experiments, and an overview of numerical methods used in thermal simulations of
building constructions.

To enhance and optimize the thermal performance of PCMs, implemented in building
envelopes, a variety of numerical and/or experimental studies have been carried out
by [11,12,20-23]. The thermal performance of concrete walls with microencapsulated PCMs
was simulated with an implicit finite difference method [20]. It also included a comparison
with experimental data using small-scale lab testing equipment. The thickness of the
concrete wall sample containing PCM was varied, and a higher amount of PCM lowered
the electrical power consumption needed to keep a stabilized indoor temperature. However,
there is a slightly more significant difference between the simulated and experimental
results at cooling in their result. This discrepancy might be due to hysteresis and subcooling
effects in the transition at cooling, not considered in their simulation since they used cp-
data from the heating process. The melting temperature, essential during the application,
has been studied by [22] based on a numerical optimization process. They pointed out that
for heating and dominant cooling regions, the best melting temperature differs.

Jin et al. [24] have studied the influence of the PCM layer position on the temperature
and heat flux variation. From the external temperature variation side, the PCM layer was at
different distances (0/5,1/5,2/5,3/5,4/5, and 5/5). They found that the optimal location
of the PCM, giving the lowest heat flux and an extended load shifting time, was ata 1/5
distance from the internal surface of the wall. Also, Gounni and Alami [25] investigated
optimal locations of PCM in building envelopes. In their study, they kept the wall thickness
constant, with and without PCM for comparison, but found, contrary to Jin et al. [24], that
the optimal position of PCM should be close to the heat variation side. However, this
conclusion is made based on partially melted PCM. Muslum et al. (2020) [26] studied the
optimal location of PCM in the external wall of the buildings and concluded that the best
place regarding energy saving is changeable according to seasons. Kishore et al. (2021) [27]
made a sensitivity study of various PCM parameters (including the location of PCM) on
thermal performance and load capacity of the PCM integrated lightweight buildings. They
found a 10% width from the stable temperature side gives the most considerable heat gain
reduction for a daily measurement. These divergent conclusions intensify the importance
of selecting and matching the phase transition temperature to the application temperature.
In [25], organic paraffin is the PCM, with a wide melting temperature range. Zhu et al. [28]
studied the performance of two layers of different PCMs in multilayer walls, making use of
weather data from Wuhan, China, giving the best performance of PCM used during both
cooling and heating seasons. They found a higher total energy-saving effect when both
PCM layers were towards the internal side of the wall than when one of the PCM layers
was on the internal side and the other on the external side separated by an EPS board.
Heim and Wieprzkowicz [29] studied the PCM layer’s positioning, using ESP-r software.
They simulated five positions of the PCM layer (0, 1/3,1/2,2/3, 1) and concluded that
with the PCM layer next to the temperature variation (external) side, the material was able
to melt entirely. In that specific case, the accumulated energy was ten times higher than in
the other cases.
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To summarize, and based on the studies of [24-29], the positioning of PCM in building
envelopes is a challenge in terms of optimization, and the reported results are not always
consistent. For example, Jin et al. [24] concluded a specific and optimized distance to the
PCM layer’s temperature variation (external) side. Based on experiments Gounni and
Alami [25] concluded that the PCM layer needs to be located next to the temperature
variation side to assure a complete transition. Similar conclusions were drawn from
simulations by Heim and Wieprzkowicz [29], who concluded that the PCM layer should
be at the external wall. By contrast, Zhu et al. [28] concluded that the PCM layer should be
located nearest the internal wall, far from the temperature variation side. The temperature
over the envelope gradually changes over the wall thickness, and this temperature gradient
might be more than 40 °C from the outside to the inside in wintertime in northern countries,
with a daily variation. Thus it is essential to select a PCM with a transition interval to match
the temperature and overlapped variation at that specific position in the wall. Suppose
the PCM is positioned at wall temperatures out or partly out of the transition range. In
that case, it will not fully contribute to the heat buffering at daily variations in the outside
temperature. However, if temperature variation occurs inside due to electrical equipment
or heating from humans, another match and strategy have to be considered. Therefore,
the sequencing of the PCM layer in building envelopes needs further investigations and
thickness dependency, shown in principal in Figure 1. Additionally, a well-established
computational tool is required to support the design, which would be valuable when
guiding, evaluating, and optimization PCM wall configurations.

Varying material
sequences

Varying layer
thicknesses

Figure 1. Schematic of the position of PCM in a wall (Note that the colors refer to different materials,
e.g., concrete as blue, insulation layer as green, PCMs as orange).

The scope of this study is to introduce and validate a numerical approach to evaluate
the influence on the thermal performance of a building envelope by sequencing PCM
layers. Also, it concerns the question raised above: where should the PCM layer be located?
The proposed approach is a finite element method (FEM), developed from a preliminary
model introduced in [30] to simulate heat transfer performance of the building walls with
PCM layers. Other researchers have previously studied FEM for building structures with
a constant phase element. In this study, the FEM model is developed for the building
construction incorporating phase change materials. For validation, the study includes
an experimental study performed in a hotbox setup. The model introduced in [30] has
been further improved in this study to obtain a better prediction for experimental results.
Furthermore, an air gap and sub-cooling have been noticed, which is extremely important
for further study. Also, a further extension has been made, including heat flux discussion.
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The organized of the structure of this paper is as follows. First, in Section 2, the ex-
FEM tool simulates PCM walls” heat transfer and temperature profiles. Also, it introduces
the experimental setup and materials used in the study. Then, in Section 3, the model is
validated in three ways: (1) comparison with an electrical circuit analogy model presented
by Gori et al. [31]. The comparison is based on the same parameters introduced in [30],
including the same temperature profile, although not considered in the preliminary study
as shown in [30]; also, the same materials; (2) it is validated with a results comparison
with a COMSOL model; and (3) it is validated with the experimental data, followed by a
summary of the model validation. In Section 4, a proposed following step study has been
presented, and some preliminary results. Finally, in Section 5, a discussion of this study
and some recommendations are given.

2. Methods
An explicit FEM is used to analyze the heat transfer through a wall, based on the

one-dimensional heat transfer equation,

2T oT

52 = Py 1)

where T is the temperature, and k is the thermal conductivity, p is the material density, and
cp refers to the specific heat capacity.

2.1. Numerical Method
2.1.1. Explicit FEM Approach

Figure 2 shows the general working procedure of the explicit FE-method. The x-axis
is along with the wall thickness, while the y-axis is time. The temperature (T!*+4!) at time
step t + At is derived directly from the temperature (T?) at the previous time step t. The
wall is discretized into Mx-1 elements from the inside to the outside. For convergence, the
element size is 1 mm along the x-axis and 0.001 s along the time-axis in this study.

t wall

Tr§l+At
Nt-1 Tht T T

mt t—At
riﬂ T

t
Tnut

Mx-1

Figure 2. Working procedure of the explicit FE method, where T}, and Ty, are the air temperatures
at the internal and external sides of the wall.

For element 1, at the inside wall boundary, the heat transfer equation is expressed as,

Tt _ Tt Ax TH-At .
k% +h(TE, - T)) = pep— % )

The inside air temperature of the box (Tj;;) follow the experimental values received in
the hotbox study. The heat transfer coefficient at the inside surface (k;) in the model simula-
tion is obtained by numerical calibration, in the adjustment of the simulated temperature
data at the internal wall to the experimental temperature data.
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For the element Mx-1 at the outside boundary, the heat transfer equation is,

Tt = Tt Ax TH-At _ Tt
kPN o (T = TN) = ey | g 3)

The outside air temperature (T,;;) is a constant value, 23 °C. The value of the heat
transfer coefficient on the outside (h,) is also adjusted to follow the experimental data of
the outside wall.

Regarding the in-between elements, the equation is,

Tt . Tt Tt Tt THEAE _ Tt
k= Mgl M pcpr(—m ; m) (4)

1
Ax Ax A

2.1.2. Wall Configurations Studied

The wall configurations analyzed in this study are in Figure 3, illustrated from a to
L. I (grey) is extruded polystyrene (XPS) layer of 1 cm: II (green) is PCM layer of 1 cm:
III (grey) is XPS layer of 2 cm. The left side of the wall is the inside of the hotbox, where
the temperature is regulated. The right side of the wall is the outside of the hotbox (the

office room).
e
I

Figure 3. Wall configurations. Note that the wall’s left side is inside the hotbox and the right side
is the room. Again, grey stripes stand for XPS; green stripes stand for PCM. a: one layer XPS with
thickness of 1 cm; b: one layer XPS with thickness of 2 cm; c: two layer XX; d: two layer XP; e: two
layer PX; f: three layer XXX; g: three layer XXP; h: three layer XPX; I: three layer PXX.

I: XPS 1cm
II: PCM 1cm
I11: XPS 2cm

As Figure 3 shows, the experiments include three parts: one layer: a and b; two layers:
¢ (XX), d (XP), and e (PX); three layers: f (XXX), g (XXP), h (XPX), and i (PXX) where
P stands for PCM, and X stands for XPS. The sequence of the characters stands for the
location of different materials. XPX, for instance, means XPS-PCM-XPS. The location of the
PCM layer in the wall varied in the cases of two-layer and three-layer.
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2.2. Lab Tests

For validating the accuracy of the explicit FEM model, the study used the small-scale
experimental hotbox setup. This section also presents and discusses the experimental
method, materials used, and the model validation results.

2.2.1. Experimental Setup

Figure 4a shows the hotbox witha L x W x H as 40 cm x 40 cm x 37 cm. The
hotbox has four interchangeable wall Sections of different materials: styrofoam, wood,
single glass, and double-glazed window. In this study, different wall layer configurations
replaced the styrofoam wall, showed in Figure 3. All other walls were unchanged, as
shown in Figure 4b.

Heating source

Figure 4. Experimental setup of the hotbox, (a) covered by all sides; (b) top cover removed.

The hotbox was located in an office room with an air temperature at approximately
23 °C, and a daily temperature variation of less than 1 °C. It was measured before the
experiments were performed. Thus, the experimental conditions were limited to room tem-
perature at around 23 °C as our lowest experimental temperature. The inside temperature
of the hotbox was controlled by a regulator attached to a cylinder on the top of the black
heating unit. The heating unit was located in the center of the hotbox to ensure a uniform
distance to all surrounding four side surfaces. The temperature could be controlled and
set within a range from room temperature up to a maximum of about 60 °C, depending
on the actual heat losses through the walls. In this study, a maximum inside temperature
was set close to 40 °C, which was reached when steady-state heat transfer conditions
were achieved.

The temperatures at different positions and depths in the wall were measured by
using type T thermocouples. The locations of the measured temperatures, numbered from
the inside of the box for one layer, two layers, and three layers, are shown in Figure 5. The
indication of the numbers of Figure 5b is taken as an example: (1) at the inside of the box
in the air space at a half distance between the heating unit and the wall, (2) on the inner
surface layer, (3) on the inner layer but the surface facing the outside of the box, (4) on
the outer layer but on the surface facing the inside of the box, (5) on the outside layer on
the surface facing the outside of the box, (6) in the air at a 5 cm distance from the outside
surface facing the office. In the simulation, points 3 and 4 are considered one location,
which is defined as a contact surface, and the contact surface properties are taken as a
mixture of XPS and PCM. For three layers of Figure 5c, point 3 and point 4 are combined,
and point 5 and point 6 are integrated into the simulation.
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Figure 5. Measured positions of the temperature sensors for one layer (a), two layers (b) and three
layers (c).

In a test, vertical air temperature gradients of about 6 °C were detected inside the box.
To ensure a good air mixing and a uniform temperature distribution, a 40 mm x 40 mm fan
was placed inside, not shown in Figure 4. It reduced the temperature gradient to less than
0.5 °C. All the thermocouples were connected to a Picolog TC-08 data logger associated
with corresponding software and connected to a PC.

2.2.2. Materials

The investigated materials are XPS and PCM, and their properties are given in Table 1.

The XPS was purchased from Sundolitt AB, and the PCM is Climsel 28 was purchased
from Climator Sweden AB.

Table 1. Thermal properties of the wall materials (XPS and PCM) studied in the experiment.

Unit XPS PCM
b ©) 3 solid 1500
ensit kgm™ 34
Y & liquid 1500
™ ) ductivity (k) - 0.033 solid 0.98
ermal conductivit -1 - .
Y Wm K liquid 0.72
Specific heat (cp) ] kg_1 K1 1250 See Figure 6
200 60 e
——heati eatin, rocess
]1':(0) _csz“:: - —cooling process
o+ 140
‘Eif 120 -
w60 F
40 20
20
0 10
20 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36
0

Temperature, °C
18 20 22 24 26 28 30 32 34 36
T/C
Figure 6. (a) Enthalpy data received from the PCM provider Climator Sweden AB; (b) Specific heat
(cp/ (K] /kgK)) of the PCM (Climsel 28) used in this study as a Weibull 2 function of temperature.

For PCM, the density and the thermal conductivity are considered to have constant
values in each phase. For the specific heat capacity, a continuous function is used.

The specific heat of PCM is derived from the enthalpy data received from the PCM
provider (Figure 6a). The enthalpy data is firstly integrated by a Weibull2 function, with
parameters shown in the figure and a residential square of 0.99137. Then the derivation
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of the Weibull 2 function is derived as the ¢, function as Equation (5). The area under the
cp-curve reflects the latent heat of the PCM transition (shown in Figure 6b).

¢p = 32+ (a—Db)dkT? Lexp[—(kT) ] (5)

For heating process: a = 176.6311, b = 8.32946, d = 17.59206, k = 0.03406.

For cooling process: a = 156.9963, b = 10.43071, d = 25.94152, k = 0.0377.

Figure 6 shows that the PCM material has a phase transition starting at about 23 °C
and ends at about 32 °C in the heating process, with a transition maximum close to 29 °C.
While in the cooling process, the transition starts at about 29 °C, which is about 3 °C
different from that in the heating process. This is called a sub-cooling phenomenon of the
phase change materials.

The PCM material purchased is packed in small bags of size 7 cm x 12 cm and a
thickness of about 1 cm, as shown in Figure 7a. Six of the bags were enclosed in a thin
polymer net (as shown in Figure 7b). Some of the edges are overlapping to reduce the
effects of air gaps, which will result in inhomogeneous heat transfer through the surface,
which will be discussed in the result Section below. Tiny needles pin the net onto the XPS
wall (Figure 7c) in the two-layer experiment. In the simulations, the netted PCM bags were
modeled as a uniform PCM layer, with an equivalent thickness of 1 cm.

Figure 7. PCM used in the study: (a) a PCM bag; (b) six PCM bags enclosed into a polymer net; (¢) PCM bags fixed onto an

XPS wall.

3. Results
3.1. Validation of the Model with ECA

The explicit FEM model is verified by comparing the obtained results with the results
obtained by using the electrical circuit analogy model introduced by Gori et al. [25] for the
wall configurations of d and e in Figure 3.

In the electrical circuit analogy (ECA) method, the heat flow corresponds to the
electrical current. Gori et al. [25] used that method and sequenced insulating and thermally
conductive layers. In our study, the XPS material is considered the insulation (I) layer,
while concrete/steel is regarded as the conduction (C) layer. The temperature variation
side for the model verification is on the room side. Therefore, Figure 3d corresponding to
IC (insulation/conduction wall configuration, with temperature variation in the insulation
side) mode, while Figure 3e corresponding to CI (conduction/insulation wall configuration,
with temperature variation in the conduction side) mode, discussed in the later text in
this Section. In our comparison of the two methods, we have used the same material
properties as Gori. For the insulating I-layer, we used thermal conductivity A = 0.034 W/mK,
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thermal diffusivity D = 11.55 x 1077 m?/s; and for the C-layer thermal conductivity
A =0.81 W/mK, thermal diffusivity D = 5.96 x 10~7 m?/s. More details about the
electrical circuit analogy method can be found in [25].

Figure 8 shows the results from both ECA and FEM. F,. in y-axis is the temperature
amplitudes on the internal and external surfaces of the wall. L; in the x-axis is the thickness
of the conduction layer. The ratio of L. and the total thickness of the wall is 0.5. For
FEM, the inside temperature is set to 23 °C, while the outside temperature is set to a
sinusoidal function as T, = 40%23 sin(wt) + ‘mzﬁ, where w is the angular frequency
w = 21/T=7.27-107° rad/s for one day. The external heat transfer coefficient h, in
the FEM-model is set to be an extremely high value (10*) to obtain an external surface
temperature that follows T,. The internal surface temperature variation Tj, is then obtained
based on Equations (2)—(4) by using adiabatic boundary conditions, setting /; = 0. The
sensitivity of the conduction and the insulation layer property (o x c,) on the temperature
performance of the decrement is also analyzed and shown in Figure 4. IC-C + 1.05 denotes
that for the wall configuration IC mode, with conduction layer property p x ¢, a deviation
of +5%; IC-C — 0.95 (—5%) denotes that for the wall configuration IC mode, with conduction
layer property p x ¢, a deviation of —5%; IC-I + 1.05 denotes that for the wall configuration
IC mode, with insulation layer property p x ¢, a deviation of +5%; IC-I — 0.95 (—5%)
denotes that for the wall configuration IC mode, with insulation layer property p x ¢, a
deviation of —5%; the validation was the same for the CI mode.

decrement factor defined as Fy,, = |Tin| and |T,| are the temperature variation

——IC-ECA CI-ECA
IC-FEM CI-FEM
- - -1C-C+1.05 Cl-C+1.05
---1C-C095 ---CI-C-0.95
IC-141.05 oo Cl-1+1.05
IC-1-0.95 Cl--0.95
0.3 0.4 0.5

c

Figure 8. Comparison of the results of FEM model and electrical circuit analogy (ECA) model, where
IC corresponds to configuration d and CI to e. Based on the data from [25]: 1.05 means that the curve
is derived with property values of the corresponding layer of 1.05 x (o x c¢p) and 0.95 to values of
0.95 x (o xcp).

The results indicate a qualitatively good agreement between the two models, where
the trends are quite the same. The difference in the results of the IC mode is quite small,
while the results for CI mode give a relatively large deviation with a conduction layer
thickness larger than 0.15. Figure 8 also shows that the property combination (p x c,) has a
minor influence on the temperature decrement factor (within +5% deviation, the change of
Fec is ignorable).

3.2. Validation of the Model with COMSOL

Baghban et al. (2010) [32] have utilized a COMSOL model to simulate a wall system
with high-performance materials and concluded that COMSOL Multiphysics has a high
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potential for building physics simulation tools. This study also uses a COMSOL model
to validate the FEM model with wall configurations of a and e shown in Figure 3. A
temperature variation of as T, = 25sin(7rt/43,200) + 15 has been applied. Figure 9 shows
the comparison of the results from both FEM and COMSOL. The root mean square between

FEM and COMSOL for external and internal surfaces (R? = %T"z ) show the deviation

and listed in Table 2, which indicates a good match between the two models regarding the
temperatures in different surfaces.

40 40
- - ~Internal surface COMSOL - - -Internal surface COMSOL
— Internal surface FEM ——Internal surface FEM
35 35 - - -External surface COMSOL
External surface COMSOL
- e ——External surface FEM
—Ext E M
T30 xternatsurtace T30 - - -Contact surface COMSOL
(2 . Contact surface FEM
v v
2 5
© 25 w©25
5 e
2 a
3 50 £
2 220
15 15
v 0 0 20 2 10
1 15 5
Time [hour] 0 5 10 15 20 25

Time [hour]

Figure 9. Comparison of the results of FEM model and COMSOL for the wall configurations of a and e shown in Figure 3.

Table 2. Root mean square (R%) analysis between FEM and COMSOL.

2 2 2
Rintemal Rextemal Rcontuct
One layer-a 0.032 0.38 —
Two layer-e 0.0022 0.017 0.006

3.3. Validation of the Model with Experimental Data
3.3.1. One Layer (Configurations a and b)

For configuration a, i.e., the 1 cm thick layer of XPS, the results are shown in Figure 10.
The data of both the experimental and simulated temperatures obtained at the inside and
outside surface. With these two surface temperatures, the inside surface convection coeffi-
cient ; and the outside surface convection coefficient i, was calibrated. The coefficients
are adjusted until we get the best match between the two data sets (Texp) and (Ty;p,). Using
the difference between the data sets, the root mean square error (RMSE: R) was calculated.

The matching procedure gave a h; = 18 W/(m?K) and a &, As shown in Figure 10a,
there is a very good match between the simulated and experimental temperatures received
in the 1 cm XPS case. = 5.5 W/(m?K), with an RMSE of 0.17 °C and 0.21 °C for the two
temperature differences, at the internal and external surfaces, respectively. As expected,
we obtain a higher convection coefficient inside the box due to the forced convection of
the fan. A comparison was also made with the same convection values for the 2 cm XPS
case, i.e., configuration Ib, giving a small increase in the RMSE values to 0.32 °C at the
internal surface and 1.27 °C at the external surface respectively, see Figure 10b. In the
latter case, which did not happen in case Ia, we see a minor influence in the experimental
measurements of the ventilation system in the room turning on and off, expected to have a
minor effect on the convection at the external surface of the box, giving a higher RMSE.
The good correspondence of the temperature profiles indicates that the simulation tool
(ex-FEM), applied in this study, can predict the experimental results well in the XPS cases.

The maximal internal surface temperature of the XPS changes from about 37.8 °C in
Figure 10a to 40 °C in Figure 10b. At the same time, the temperature at the outside of the
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XPS layer is also somewhat lower in the latter case, which indicates better isolation due to
a thicker isolation layer. However, due to differences in heat flow, the temperature drop
over the wall is not doubled, as might be expected when the wall thickness increased from
1 cm to 2 cm. Thus, the actual temperature drop ratio is 14.5/10.5 = 1.38 in the simulation
and 1.39 in the experiment.

45 T T T 45 T T T
internal surface temperature simulated
external surface temperature simulated
internal surface temperature experimental b
40 a) external surface temperature experimental | - 40 )
& g
T3 5 35 146 145
2 2
© ©
8 8 internal surface temperature simulated (point 2)
GE, 30 1 GEJ 30 external surface temperature simulated (point 3)
L - internal surface temperature experimental (point 2)
external surface temperature experimental (point 3)
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Figure 10. Temperature profile of configuration I from the simulation: (a) I-a with XPS thickness of 1 cm; (b) I-b with XPS

thickness of 2 cm.

3.3.2. Two Layers (Configurations c—e)

The two-layer configurations c—e are shown in Figure 11, respectively. Each curve in
the figure represents a temperature profile at different tenths of the total thickness of each
layer in the wall. The blue curve in Figure 11 is the air temperature inside the hotbox, which
indicated the temperature variation profile. Due to much higher thermal conductivity in
the PCM compared to that in the XPS, the curves of the PCM will lump together, which
can be noticed from the comparison of the wall configurations of XX with XP and PX.

When the PCM layer is in the outer position, as in configuration d, the temperature
of the PCM will just reach the lower temperature range of the phase transition. The start
of the transition is partly observed at about 24 °C, where the initial temperature rise is
held back to the highest temperature of about 26 °C. However, the transition is still not
completed at this temperature, and in that case, the storage capacity is not entirely used.
In configuration e when the PCM layer is at the inner layer, the temperature of the PCM
will pass the transition range, and is in Figure 11 e-PX observed at about 30 °C where the
temperatures start to rise more rapidly again. Therefore, hotbox experiments were only
conducted for the case of wall configuration e.

The comparisons of the temperature profiles from experiments and simulations for
the two-layer configuration e, are shown in Figure 12. The uppermost temperature profile
is the measured air temperature inside the box for the heating process, increasing quickly.
Both simulated and experimental temperatures on the PCM layer and the XPS layer show
a fast increase which is slowed down after about 2 h when the transition in the PCM starts.
This transition ends after about 10 h, which gives a sharp rise in the temperatures and levels
out at relatively constant values when steady-state conditions in the heat flow are reached.
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Figure 11. Temperature profiles from simulations for the two-layer configurations c—e. The lumped
curves correspond to the temperature profiles over the PCM layer. The blue curve is the air temper-
ature inside the hotbox. The other curves represent a temperature profile at different tenths of the
XPS layer.
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Figure 12. Comparison of temperature profiles of experiment and simulation at different wall
locations for case e. IST: Internal surface temperature; CST: contact surface temperature; EST: external
surface temperature. A: heating process; B: steady-state process; C: cooling process; D: sub-cooling
to end.

The contact surface temperature from simulation follows almost the same pattern
(turning points are almost at the same condition) as the experimental measurement at EST-3
during the heating and steady-state process as it shows in Figure 12. At the same time, it
shows a big difference compared to the experimental data at point 4. For simulation, the
temperature at the contact surface is calculated based on a combination of the properties of
PCM and XPS. Due to the high thermal conductivity of PCM, the simulated contact surface
is more similar to PCM. Thereby, the CST-simulated follows more with EST-4. Another
reason for this can be an unpredictable thermal resistance between point 3 and point 4,
which is not considered in the simulation.

For the cooling process (from 23 h to the end as shown in Figure 12), the air temperature
decreased from about 40 °C to 25 °C quickly in the beginning (in about 5 h), then slowly to
23 °C within about 17 h. The internal surface temperature from the experiment decreased
from 37.8 °C to 25 °C, followed by a sudden jump to 29 °C, and then reduced to 22.9 °C in
the end. The sudden jump is caused by a partial, about 7%, release of latent heat due to
a subcooling of 4 °C. With a corresponding and successive heat release, the solidification
process is ongoing for about another 15 h. The simulated temperature results at the internal
PCM surface in Figure 12 show a decrease from 40 °C to 29 °C in the first 5 h and a smooth
reduction to about 23 °C at the end of the measurements.

The sudden temperature increase observed in the experimental data is not noticed in
the simulation. The reason is that the subcooling effect of the PCM is not considered in
the simulation.

The heat convection inside and outside the layers and matching the heat transfer
coefficients is not straightforward. Here we have found that #; = 18 W/(m?K) and
ho = 13 W/(m?K) gives a reasonably good match with the experimental results (for the R?
values, see Table 3).
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Table 3. Root mean square values for two layers wall configuration e between FEM and experimen-
tal data.

Period Description R%ST R%ST R%ST
A Heating process 0.332 0.965
B Steady state 0.019 0.028 0.184
C Cooling process 0.45 0.335

The whole process consists of four periods (A-D). Period A is the heating process
before steady-state; Period B is the steady-state period. Period C is the cooling process
before sub-cooling happened; Period D is from the sub-cooling moment to the end of the
experiment. The R-value for period D is excluded. It is because sub-cooling induces a large
deviation. It shows in Table 4 that there is a small deviation (R? are 0.019 and 0.028 for IST
and CST) when a steady-state. The maximum deviation is on the contact surface in the
heating process (with a R? of 0.965, caused by the phase transition, which can induce extra
thermal resistance between the two contact surfaces. The external surface shows a quite
good match during the whole process, as indicated by the root mean square value (0.184).

Table 4. Root mean square values for three layers wall configuration h between FEM and experimen-
tal data.

Period Description R%ST R%ST
a Heating process 0.09
5 0.168
b Cooling process 1.277

3.3.3. Three Layers (Configurations f—i)

Simulation results of the three-layer wall configurations f-i are shown in Figure 13.
These indicate that for the PCM layer located in the middle of the XPS layers, the PCM
layer works the best for this study conditions. For the case of XXP, when the PCM layer is
on the outside, the PCM cannot be activated. For PXX, the amount of PCM is not enough,
then the temperature still increases/decreases fast during the heating and cooling process.
The external surface maintains a relatively higher temperature in a longer period during
the heating process and a lower temperature during the cooling process. Therefore, only
the wall configuration h-XPX was performed for the experimental study.

The comparison of the experimental and the simulation results of wall configuration h-
XPX are shown in Figure 14. For the heating process, the air temperature inside the hotbox
increases rapidly to about 40 °C and then slightly increases and maintains a temperature of
about 41 °C before cooling starts. The internal surface temperature from the simulation
does not show a phase transition from the two contact surfaces and the external surface
temperature. The phase transition from the simulation and experiment is not the same
as for the two-layer wall configuration shown in Figure 12. The phase transition from
simulation and experiment started at almost the same time. Nonetheless, it ended earlier
in the simulation (period c), at about 12 h with a temperature of 28 °C, while experimental
results showed an end at about 27 h with 29 °C (period d), possibly caused by an extra
thermal resistance between two surfaces challenging to control in simulation.
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Figure 13. Simulation results of three-layer wall configurations f-i as shown in Figure 3. X: stands for XPS; P: stands for
PCM. The lumped curves are temperature profiles over the PCM layer; other curves are temperature profiles over the XPS

layer in every tenth of the thickness.
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Figure 14. Comparison of temperature profiles of experiment and simulation at different locations of
the wall for case h. IST: Internal surface temperature; CST: contact surface temperature; EST: external
surface temperature. a: heating and steady state process; b: cooling process; c: phase transition
period; d: phase transition end until steady state is reached.
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The cooling process started at about 48 h, indicating a rapid decrease in the air
temperature. The air temperature dropped to 25 °C within about 2 h and then decreased to
23 °C within about 10 h. The contact surface temperature at points 3-5 from the experiment
followed the decrease to about 26 °C and then showed a jump, which is the same as shown
in Figure 12, caused by a partial release of latent heat subcooling of about 3 °C. After that,
it decreased to a final temperature of 23 °C. This phenomenon of a temperature jump was
not noticed in the simulation, which is for the same reason as for two layers.

The R? value between the experimental and simulated results is shown in Table 4 for
the internal and external surfaces. The big difference between the contact surfaces has
been discussed for uncontrolled thermal resistance problems. Compared with two layers
configuration e, three layers configuration h has a thicker wall in total, which can give a
higher air velocity inside the hotbox, then a higher k; can be expected. Therefore, Figure 14
is derived based on a h; = 50 W/m?K, and then a relatively good match can be obtained
as shown in Table 4.

3.4. Short Summary on the Validation

According to the previous Sections, to be trustworthy when simulating building
performance incorporated with PCMs, the FEM model has been validated. However,
the comparison of the FEM and experimental results indicates that several parameters
need to be considered. There are difficulties in controlling the system when conducting
experiments. The heat convection must be measured to obtain a reasonable value in the
simulation. Also, the thermal resistance between two contact surfaces, when PCMs are
applied especially, is difficult to predict. Therefore, more studies are needed to check the
usability of the model. Also, the sequencing of PCM layers in the wall configurations needs
further investigation with more complexities.

4. Proposal of Future Work

Based on the validation of the model above, in this section, further steps were taken.
With the complexity mentioned in 3.4, the adiabatic boundary for the external surface
was introduced.

The analyzed system in this Section was a room with an ambient temperature variation
as Tompiens = 25sin(7tt/43,200) + 15, with a maximum temperature of 40 °C, and a
minimum of 10 °C. The wall analyzed comprised XPS and PCMs, which were the same as
mentioned above, in different combinations.

4.1. Advantage of Using PCM

Figure 15 shows the result of the internal temperature variation with different wall
materials and thicknesses. For example, in the legend, PP10 cm represents two layers of
PCM with a total thickness of 10 cm; XX20 cm stands for two layers of XPS with a total
thickness of 20 cm.

Figure 15 shows, with a wall configuration of PP10 cm, that the internal surface
temperature varies during the period by about 1 °C. However, a wall configuration of
XX20 cm shows a significant variation of the internal surface temperature (17 °C during
the period). With a wall configuration XX75 cm, a similar variation with that of PP 10 cm,
was achieved. Additionally, wall configurations of PP20 cm and XX100 cm result in a more
stable internal surface temperature.

According to Figure 15, it is possible to achieve a stable inside room temperature with
an ambient temperature variation of 30 °C (10~40 °C). A five-times thinner wall is needed
when only PCMs are applied.
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Figure 15. The internal temperature variation with different wall configurations. P stands for PCM;
X stands for XPS; the number behind stands for the entire wall thickness.

4.2. PCM Location

For a two-layer wall configuration, the internal surface temperature comparison of
XP and PX, a comparison is shown in Figure 16. It illustrates that without PCM, XX10 cm,
the temperature follows the ambient temperature. While a PCM layer replaces one XPS
layer, the temperature variation is less with the PCM layer located next to the room side. In
addition, the total wall thickness for all situations is the same.
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Figure 16. The internal surface temperature variation of a wall configuration of two layers. P stands for PCM; X stands for
XPS; the number behind stands for the entire wall thickness.

The result with a three-layer wall configuration is shown in Figure 17. It indicates that
when the PCM layer is next to the room side, the wall system has a better temperature
regulation, giving a much lower temperature variation when the same ambient temperature
is applied, with fixed total wall thickness. It is the same as for a two-layer wall configuration,
as shown in Figure 16.

4.3. Short Discussion

According to the results shown in Figures 16 and 17, the PCM layer should be next to
the room side, where there is a temperature stability requirement, consistent with some
of the conclusions from other researchers [28]. However, this conclusion is based on this
study’s assumptions, using a sinusoidal temperature variation. Additionally, the PCM
layer has the same thickness as the other wall layer (insulation layer). Therefore, according
to the results, it is suggested that more ambient temperature profiles, actual weather
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profiles primarily, should be studied later with further validation of the model and further
understanding of the application of PCM wall systems.
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Figure 17. The internal surface temperature variation of a wall configuration of three layers. P stands
for PCM; X stands for XPS; the number behind stands for the entire wall thickness.

5. Discussion

In experiments with a double thickness of the XPS wall layer, we do not observe a
doubled temperature drop across the wall, attributed to a difference in heat flow. Therefore,
the control system in the experimental setup needs to be improved, together with mea-
surements of the heat flow, to adjust and select a specific heat flow in the different cases.
Unfortunately, it has not been possible in this study.

Both the hotbox’s inside and outside heat transfer coefficients are essential factors in
the simulations and adjustable to obtain a good fit of simulated temperature data to the
experimental data. For example, an installed fan inside the hotbox to reduce temperature
gradients gives us a higher heat transfer coefficient at the inside surface. In order to
eliminate the influence of the heat transfer coefficient for the simulation result, a boundary
temperature variation condition or a measured heat transfer coefficient value can be
considered for further study.

There are possible unpredicted thermal resistances between the two contact surfaces
to be considered. Also, due to phase transition, that effect can be regarded as unpredictable.
Therefore, more layer splitting could be more challenging to control and predict. For
example, Fantucci et al. [33] mentioned the possible air-pocket generation because of the
volume shrinkage of PCM, which could be avoided by bending the alveolar polycarbonate
container used to fill PCM. In a future study, we will further consider air pockets.

Subcooling was observed in the experiment, found to be relevant for consideration
in the simulation model. Kuznik and Virgone (2009) [34] have experimentally measured
the specific heat capacity of a composite PCM, and they pointed at the differences in the
phase change temperatures received at heating and cooling. Hysteresis and subcooling
effects are essential factors to be considered in future simulations. Kuznik et al. [35]
developed a TRNSYS model based on the experimental data from [26], which gives a good
agreement between the experimental and simulated results. Their study also emphasizes
the importance of the different thermal properties received during the heating and cooling
process. Fantucci et al. [33] also studied the specific heat at heating and cooling for two
different PCMs, one organic paraffin and one inorganic salt hydrate. The latter showed
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a hysteresis effect in the transition temperature, while the first showed almost the same
transition temperature at heating and cooling. Therefore, the selection of PCMs is also
crucial, depending on the application.

With the validated FEM model, the study has shown the advantage of using PCM and
analyzing the location. This study shows that the wall layer thickness can be reduced with
PCM to achieve a stable room temperature.

6. Conclusions and Recommendations

An explicit finite element method (ex-FEM) has been verified and validated by other
models and experimental data and found to be a promising tool for predicting the thermal
performance of the simplified building walls when incorporated with phase change materi-
als (PCMs). Furthermore, the study identified several unpredictable factors relevant for
future studies.

The study included sequencing of PCM layers. The experiment illustrated how PCM
could be either fully or partly melted when located next to the temperature variation side.
Additionally, the simulations conducted indicated a more stable room temperature with
PCM next to the room side. Consequently, there is evidence for the location of PCM to be
regarded according to the requirement of the application.
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