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Abstract: The 5th generation (5G) cellular networks offer high speeds, low latency, and greater capac-
ity, but they face greater penetration loss through buildings than 4G due to their higher frequency
bands. To reduce this loss in energy-efficient buildings, a passive antenna system was developed and
integrated into sandwich walls. However, the thermal effects of this system, which includes highly
thermally conductive metals, require further study. In this research, three-dimensional heat transfer
simulations were performed using COMSOL Multiphysics to determine the thermal transmittances
(U-values) of 5G antenna walls. The results revealed that, using stainless steel as the connector mate-
rial (current design), the U-value rose from 0.1496 (for the wall without antenna) to 0.156 W/ m2K,
leading to an additional heating loss per year of only 0.545 KWh/m? in Helsinki. In contrast, with
the previous design that used copper as the connector material, the U-value increased dramatically
t0 0.3 W/m?K, exceeding the National Building Code of Finland’s limit of 0.17 W/ m2K and causing
12.8 KWh/m? additional heat loss (23.5 times more than the current design). The current design
significantly reduces thermal bridging effects. Additionally, three analytical methods were used to
calculate antenna wall U-values: parallel paths, isothermal planes, and ISO 6946 combined. The
isothermal planes method was found to be more accurate and reliable. The study also found that a
wall unit cell with a single developed 5G antenna and a wall consisting of nine such cells arranged in
a3 x 3 grid pattern had the same U-values. Furthermore, areas affected by thermal bridging were
typically smaller than the dimensions of a wall unit cell (150 mm x 150 mm).

Keywords: 5G passive antenna system; 5G antenna walls; sandwich wall; numerical modeling;
parallel path method; isothermal planes method; ISO 6946 combined method; thermal transmittance

1. Introduction

The 5G standard was established in late 2018, and 5G cellular networks were rolled
out globally in 2019 [1]. Additionally, 5G offers numerous benefits, including higher
bandwidth, uninterrupted connectivity, low latency services, interconnected devices (e.g.,
smart homes, medical devices), and advanced IoT systems, such as autonomous vehicles,
precision agriculture, industrial machinery, and advanced robotics [2]. With the new radio
(NR) frequency range 1 (FR1), where the frequencies are below 6 GHz, the capacity can be
increased up to 20 times higher than 4G [3].

Additionally, 5G cellular networks use a broader bandwidth than 4G, which enables
the fast transmission of large amounts of data with a small latency that users do not recog-
nize. The need for a broader bandwidth necessitates a move-up in the carrier frequency,
leading to a shorter wavelength of radio waves. However, these radio waves with short
wavelengths can easily be blocked, especially in energy-efficient buildings that feature mul-
tiple layers of insulation, low-emission air-tight windows, and other signal barriers [4,5]. To
ensure strong signal transmission through thick external walls, antennas must be positioned
in optimal locations to take advantage of high-speed indoor wireless coverage. Both active
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and passive solutions have been extensively researched in recent years, such as indoor base
stations [6,7] and repeaters [8-10] for active solutions, and low-emissivity windows with
frequency-selective surfaces [11] or signal slots [12,13] for passive solutions. However, both
solutions have limitations; for instance, active solutions often require an expensive radio-
frequency-over-fiber network and consume additional energy. On the other hand, passive
solutions are energy-efficient, but typically have limited radio frequency (RF) passbands.
To the best of our knowledge, there is currently no commonly used passive solution that
can operate effectively throughout the lifetime of a building [14,15]. The wide frequency
band of the passive system in [15] ensures that the system is forward compatible. While
with the active repeaters, the devices will have to be replaced when new radio systems
emerge that use a different radio frequency from legacy systems.

The authors developed passive antenna systems embedded in a building wall known
as the signal-transmissive wall to enhance 5G indoor coverage [14,15]. In [15], the signal-
transmissive wall with a passive antenna system consisting of two spiral antennas con-
nected back-to-back with stainless steel coaxial cable was analyzed for its electromagnetic
transmission characteristics using analytical, numerical, and empirical methods. The em-
bedded antenna system improved the electromagnetic transmission through the wall up to
17 dB compared to a bare wall at the wireless communication frequency of 8 GHz [15]. The
U value of the signal-transmissive wall was reported to increase slightly, but no detailed
thermal analysis was conducted in [15]. Passive antenna systems often include materi-
als with high thermal conductivity, such as steel or copper, which can result in thermal
bridging and negatively impact the building’s thermal performance. This paper aims to
investigate the thermal impact of the passive antenna systems introduced in [15] on the
thermal transmittance of the wall.

There are several methods to determine the thermal transmittance (U-value) of build-
ing components containing inhomogeneous layers, including measurement, numerical
modeling, and analytical approaches. Measurement methods, such as the heat flow meter
(HFM) [16], guarded hotplate (GHP) [17], and hot box (HB) [18], are often performed under
laboratory conditions to achieve well-controlled environmental conditions, geometries,
configurations, and materials [19]. However, these methods can be both time-consuming
and costly. Numerical modeling provides detailed three-dimensional (3D) heat transfer
analysis [20,21], enabling the comparison of different building components, configurations,
and materials. It requires proficiency in using simulation software. The simplest method of
determining the U-values of building components that contain inhomogeneous layers is to
use analytical formulas. Several formulas have been introduced, including the ISO 6946
combined method [22], the parallel path method [23], the isothermal planes method [24],
and the ASHRAE zone method [24]. Although these formulas are only applicable to sim-
pler configurations and steady-state one-dimensional heat transfer [24], they still offer a
straightforward and efficient way of evaluating the U-values of building components.

In the existing research, the majority of thermal studies on building components
with inhomogeneous layers focus on wood- and steel-framed walls. For example, Chris-
tensen [25] used CosmosWorks 2008 to conduct three-dimensional thermal finite element
simulations to estimate the thermal resistances of a series of wood-framed walls with
framing factors ranging from 6% to 30%. The study aimed to evaluate the thermal effects
of fasteners, including drywall screws and siding nails. The results showed that these
fasteners had a considerable thermal impact on the overall thermal resistance of the walls,
reducing them from 3.3% to 12%. This thermal impact became increasingly significant
as the framing factor increased. Additionally, the study found that the calculated overall
thermal resistances using the parallel path method required an adjustment factor to match
the simulation results obtained by CosmosWorks [26]. Santos et al. [27] evaluated six
different analytical approaches for calculating the U-values of 80 different lightweight
steel-framed wall models. The analytical U-values obtained were then compared with nu-
merical simulations using the THERM finite element method software. The results showed
that all the evaluated analytical methods had good accuracy. The ISO 6946 combined
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method had better average precision than the ASHRAE modified zone method and the Gor-
golewski Method 2, which were specifically developed for lightweight steel-framed walls.
Muzzi et al. [28] used the isothermal planes method to calculate the thermal resistance and
U-value of a lightweight steel-framed wall consisting of an outer layer of 10 mm of thick
cement board, an inner layer of gypsum board with a thickness of 12.5 mm, interspersed
by fiber glass and air, and a galvanized steel C-section profile (90 x 40) with a thickness of
0.95 mm. The obtained thermal resistance and U-value were then compared with numerical
simulations conducted using ANSYS 15. The results showed that the isothermal planes
method provided reliable results, and the difference between the results obtained using the
isothermal planes and numerical solution methods was only 9% for the thermal resistance.
Other similar works include references [20,21,23,29-31]. However, there is a scarcity of
studies examining the thermal impact of 5G passive antenna systems embedded in building
walls. This study aims to address this gap. The objectives of this study are:

e  To conduct 3D numerical modeling to determine the U-values of the developed signal-
transmissive walls with stainless steel and copper used as connector materials.

e  To compare the calculated U-values of the signal-transmissive walls with the same
wall without a 5G passive antenna and to determine the additional heat loss and cost
per year under Finnish weather conditions.

e To utilize analytical formulas to evaluate the U-values of the signal-transmissive
walls, in order to identify a suitable and practical tool for future thermal studies of
signal-transmissive walls.

This paper only focuses on thermal issues, and the study of the electromagnetic aspects
of signal-transmissive walls is beyond the scope of this study and is covered in [15]. Hence,
this paper can be seen as a continuation of [15] with respect to thermal issues.

2. Materials and Methods
2.1. The Wall Materials

The wall component without 5G antenna in this study has a typical sandwich structure,
as shown in Figure 1 below:

< o -~ 150 mm~ -

— ]

Rockwool

Figure 1. Sandwich wall: 70 mm concrete (outer layer), 220 mm rockwool (insulation layer), and
150 mm concrete (inner layer). The dimension is 150 mm x 150 mm.

For simplicity, the wall component depicted in Figure 1 is referred to as the “sandwich
wall” in this paper. The developed ultrawideband back-to-back spiral antenna system
(Figure 2) was integrated into the sandwich wall (Figure 1) to create the “signal-transmissive
wall” (Figure 3) [15].
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Spiral antenna

Dual coaxial cable

Figure 2. Ultrawideband back-to-back spiral antenna system developed by the authors. The antenna
system contains two identical spiral antennas and a semi-rigid dual coaxial cable.

Figure 3. Signal-transmissive wall.

Figure 4 shows the cutaway of the ultrawideband back-to-back spiral antenna system (Figure 1).

50 mm >

Styrofoam N

(b) Rubber

Dieleciric (Teflon)
PCB Outer connecior
Centre connector
20
Two-arm
spiral — d,=2.159 mm
d,;=1.760 mm

d_= 0.287 mm
t, = 0.2 mm

(c)

Figure 4. (a) Spiral antenna; (b) semirigid dual coaxial cable (two coaxial cables are wrapped into a
rubber tube); (c) dimensions of coaxial cable.
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A spiral antenna, shown in Figure 4, consists of a copper two-arm spiral (0.035 mm
thick, outer radius 17.4 mm, and inner radius 1.08 mm), a Rogers RT/Duroid 5880 PCB
(0.5 mm thick), and a Styrofoam board (10 mm thick). The semirigid dual coaxial cable is
composed of a rubber block (6.5 mm?) and two coaxial cables. Each coaxial cable includes
a stainless steel outer connector (0.2 mm thick and 2.159 mm diameter), a PTFE (Teflon)
dielectric block (diameter 1.76 mm), and a stainless steel center connector (0.287 mm
diameter). The two center connectors (440 mm long) are connected to the spiral arms,
while the rest of the dual coaxial cable elements (439 mm long) touch the PCBs. The PCB is
embedded in the Styrofoam board at the same level as the concrete (Figure 3). Table 1 lists
the material properties of the sandwich and signal-transmissive walls.

Table 1. Wall and antenna material properties.

Material Density (kg/m3) Thermal Conductivity (W/mK)  Specific Heat (J/kgK)
Concrete 2400 2 1000

Rockwool 140 0.035 840

Styrofoam 15 0.04 1500

PCB 2200 0.2 960

Rubber 850 0.2 1900

Stainless steel 8000 15.2 500

PTEFE (Teflon) 2000 0.24 1500

Copper 8960 400 385

This study did not take into account PCB finishes because their thermal impact is
negligible due to their extremely thin layers. The illustration in Figure 3 shows that a
5G antenna should be placed in every 150 mm x 150 mm area within an external wall.
However, the size can be increased to mitigate the thermal effects of the antennae on the
wall, which is the subject of ongoing research.

In the building industry, the U-value of a wall is used to describe how well or how
badly the wall transmits heat from the inside to the outside. In general, we expect a
lower U-value, meaning that for every degree (K) of the temperature difference between
the inside and outside, the wall loses less heat per square meter. Often, the heat flow
through a wall is approximately one-dimensional [32]. However, the installation of a
5G antenna system in the sandwich wall (Figure 3) may cause a thermal bridging effect,
which is a 3D heat flow and results in a higher U-value. To evaluate the thermal impact
of the 5G antenna system on the sandwich wall, this study applied numerical modeling
to estimate U-values primarily for three wall models: the sandwich wall (Figure 1), the
signal-transmissive wall with outer and center connectors composed of stainless steel
(i.e., the current design) (Figures 3 and 4), and the signal-transmissive wall with outer
and center connectors composed of copper (i.e., the previous design) (Figures 3 and 4).
Additionally, the study used three analytical methods, the parallel path, the isothermal
planes, and the ISO 6946 combined methods, to calculate U-values for the three wall
models, and the results were compared with the numerical results to determine a more
reliable and accurate method to be used as a tool for future research. Sections 2.2 and 2.3
describe the three analytical methods and 3D numerical modeling, while Section 3
presents their results.

2.2. Analytical Approaches

The U-value (W/m?K) of a building component is calculated using the
following formula [22]:

U= (1)
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where R7 is the total thermal resistance of the building component (m?K/W). If the building
component is constituted of homogeneous and parallel layers, Rt is computed as [22]:

(T - T,)

N
Rr =R+ ZR]’ + Ree = 2)
i

where R,; and R, are the internal and external surface resistance (m?K/W), R is the thermal
resistance of layer j (m?K/W), T; and T, are the inside and outside temperatures (°C), and g is
the heat flux through the building component (W/m?). Ry;, Ry, and R are given as:

1
Rsi = F/ Rse = h_’ Rj = (3)
si se

ol o

]

where hg; and hg, are the indoor and outdoor heat transfer coefficients (W/m?2K), kj is
the thermal conductivity of layer j (W/mK), and J; is the thickness of layer j (m). hs; and
hse are the normally set as 4 (W/m?K) and 25 (W/m?K) in Finland. There are several
analytical methods available for calculating the U-values of building components with
inhomogeneous layers [24]. In this study, we present three commonly used methods: the
parallel path, the isothermal planes, and ISO 6946 combined methods. To illustrate the
implementation of these methods, we use an example wall (as depicted in Figure 5) in the
subsequent subsections.

Layer 1

outdoor S | indoor

Figure 5. Two-layer wall. Layer 1 contains two different materials.

2.2.1. Parallel Path Method

The parallel path method assumes that the heat transfer is perpendicular to the planes
of building elements, meaning that the thermal network is composed of several parallel
branches. This method is suitable for building components where the materials have close
thermal conductivity values within the same layer [24]. For the sample wall in Figure 5,
two flow paths can be identified (Figure 6).

In Figure 6, the total thermal resistance (Rrpgratzer) is:

| fa bji
upumllel " Rrparater ~ (Ree+Ri+R3+Rs) + (Rse+Ra+R3+Ry;) (4)

where Upgyq151 is the U-value (W/ m?K), f4 and f3 are the fractions of the entire cross area
occupied by sections A and B, respectively.
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Figure 6. Illustration of parallel path method (left: thermal network; right: identified paths).

2.2.2. Isothermal Planes Method

In the isothermal planes method, it is assumed that all surfaces parallel to the building
element surfaces are isothermal, allowing heat to transfer laterally in any element. The
thermal resistances of adjacent elements are combined in parallel, creating series-parallel
paths [23]. This method is appropriate for situations where adjacent materials in the same
layer have moderately differing conductivity [24]. Figure 7 illustrates the isothermal planes
method for the sample wall (Figure 5).

indoor

R,

outdoor
R

se

R,

RI! Rsi

M—AN—s

|
|
|
|
|
|
|
|
i
|
U
U
U
U
I
]
I

Figure 7. Illustration of isothermal planes method (bottom: the series-parallel thermal network
obtained using the isothermal planes method).

The total thermal resistance (Rrjsomermar) 1S:

1
Reisothermal = Rse + 711\ + R3 + Ry 5)
(& + %)
Then the U-value (Ujsothermar) is:

1 1

U; h 1= = (6)
isotherma RTisothermul (Rse + % + R3 + Rsi)
(f+4)
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2.2.3. ISO 6946 Combined Method

According to previous research, the overall thermal resistance calculated by the parallel
path method is typically higher than that computed by the isothermal planes method, with
the actual overall thermal resistance falling between the two [24]. The ISO 6946 combined
method, which is described in the international standard ISO 6946 [22], calculates the
overall thermal resistance as an arithmetic average of the thermal resistances computed by
the parallel path and isothermal planes methods, namely:

RTpamllel + Rrisothermal
Rriso = > @)

where Rr1s0, Rrparatter and Reisothermar are the calculated (overall) thermal resistances of
the sample wall (Figure 5) by the ISO 6946 combined, parallel path, and isothermal planes
methods, separately. The U-value (Ujsp) is:

1 - 2 N 2-upurallel'uisothernml
Rriso  Rrparattel + Risothermat  Uparatiel + Uisothermal

®)

Urso =

where Upgyqi1e and Uisothermar are the calculated U-values by the parallel path and isothermal
planes methods, respectively.

2.3. Numerical Approach

COMSOL Multiphysics 6.1 was used to perform 3D thermal finite element simula-
tions [33]. The “3D Heat Transfer in Solids” module was chosen to construct steady-state
models for the sandwich wall (as shown in Figure 1) and the signal-transmissive walls
(as shown in Figure 3, including both the current and previous designs). The boundary
conditions were applied as depicted in Figure 8.

Ingujated,__
s

T,=20°C
=4 WmK

T,=20°C
=4 WmK

A
Insulated
Figure 8. Boundary conditions for 3D thermal finite element simulations (left: the sandwich wall:

right: signal-transmissive wall). T, and Tj are outdoor and indoor temperatures, while ks, and h; are
indoor and outdoor heat transfer coefficients.

Convective heat transfer was selected for the exterior and interior surfaces, with
outdoor and indoor temperatures set at —10 °C and 20 °C, respectively. In the U-value
calculation for a wall sample, it is generally assumed that a steady-state condition exists [22].
Therefore, convective heat transfer coefficients were maintained constant in this study (see
Figure 8). The edge faces (total of four) were treated as insulated. For each wall examined,
the U-value was calculated, which is independent of the type of heat transfer and the
temperature setting for the exterior and interior surfaces. The choice of convective heat
transfer and AT = 30 °C (=20 °C—(—10 °C)) was for convenience. Equations (1) and (2)
were utilized to compute the U-values of the walls. Swept meshing was used for meshing
the two-arm spirals in the signal-transmissive walls, as their thickness was too small for
traditional meshing methods [33]. The triangular meshes for the remaining elements in
the signal-transmissive walls were created manually with different element size settings
to accommodate thin areas. Automatic meshing with triangular elements was carried out
for the sandwich wall. COMSOL provides a feature of adaptive mesh refinement, which
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enhances the mesh during simulation to minimize the global error in the model [33]. We
utilized this feature for numerical modeling in this work.

In practice, a signal-transmissive wall (as illustrated in Figure 3) can be regarded as
a cell of a 5G antenna external wall, and a 5G antenna external wall consists of numerous
such cells. Apart from the three wall models examined in this paper (Section 2.1), we
present an additional wall model to broaden our investigation to walls with multiple
antennas. The additional wall model is a 5G antenna external wall made up of nine
cells arranged in a 3 x 3 grid, as illustrated in Figure 9. We refer to this specific 5G
antenna wall as a 3 x 3 signal-transmissive wall throughout this paper. On the other
hand, a sandwich wall that features only one 5G antenna is commonly known as a
“signal-transmissive wall” and is illustrated in Figure 3.

Figure 9. Illustrated is 3 x 3 signal-transmissive wall.

The boundary conditions applied to the 3 x 3 signal-transmissive walls in numerical
modeling are identical to those used for sandwich and signal-transmissive walls.

3. Results and Discussion

According to Table 1 and Equation (1)—(3), the U-value of the sandwich wall (Figure 1)
was calculated to be 0.1496 W/m?K using the analytical approach. The numerical approach
produced the same U-value of 0.1496 W/ m2K, indicating that the simulation settings,
including the boundary conditions, were appropriate for numerical modeling. Figure 10
displays the heat flow lines (i.e., heat flux) and temperature distribution of the sandwich
wall in COMSOL Multiphysics.

Surface: Temperature (degC) Streamline: Heat flow lines {conductive heat flux)

Y. L, *

0

Figure 10. Heat flow lines generated by numerical modeling (COMSOL Multiphysics) for the
sandwich wall.
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As depicted in Figure 10, in the sandwich wall, the heat flow direction is perpendicular
to the planes of the building elements, and these planes are almost isothermal.

3.1. Signal-Transmissive Walls

When using the parallel path and isothermal planes methods to compute the U-values
of the signal-transmissive walls, the two-arm spirals were omitted due to their extremely
small thickness (0.035 mm) and high thermal conductivity of copper (400 W/mK), resulting
in an insignificant thermal resistance. Table 2 shows the comparison of U-values between
the analytical and numerical approaches for the signal-transmissive walls. Copper is
the most used connector material in coaxial cables, while other materials are not widely
available. This is why we compare both copper and stainless-steel conductors in this work.

Table 2. Calculated U-values for signal-transmissive walls.

Materials of Connectors U-Value (W/m?K)
. . Stainless steel (current design) *  0.156
COMSOL Multiphysics Copper (previous design) ** 0.3
Stainless steel (current design) *  0.153
Parallel path Copper (previous design) ** 0.173
Isothermal planes Stainless steel (current design) *  0.157
P Copper (previous design) ** 0.32
. Stainless steel (current design) *  0.155
IS0 6946 combined Copper (previous design) ** 0.225

* Center and outer connectors were composed of stainless steel (Figure 4b). ** Center and outer connectors were
composed of copper (Figure 4b).

The 3D thermal finite element simulations in the steady state produced U-values of
1.56 W/m?K and 0.3 W/m?2K for the current design (using stainless steel as connector ma-
terials) and previous design (using copper as connector materials), respectively, compared
to the U-value of 0.1496 W/m?K for the sandwich wall. The previous work [15] reported
a U-value of 0.16 W/m?K for a signal-transmissive wall with stainless-steel connectors,
which is very similar to the current design discussed in this paper. This U-value was
obtained through numerical modeling in a master’s thesis. The difference between the
U-value reported in the previous work [15] and the U-value calculated in this study is
only approximately +0.003 W/ m2K, which is small and likely due to differences in ther-
mal conductivity values for the same materials and differences in the internal convective
heat transfer coefficient value. Furthermore, the U-values obtained from all three analyt-
ical methods employed in this study, namely the parallel path, isothermal planes, and
ISO 6946 combined methods, were comparable to the U-value derived from numerical
modeling for the current design, as demonstrated in Table 2. Most importantly, according
to ASHRAE [24], the actual U-value for a building component containing inhomogeneous
layers generally is some value between the U-values obtained using the parallel path and
isothermal planes methods. For the current design, the actual U-value is expected to be
between 1.53 and 1.57 W/m?K, and our estimation of U = 1.56 W/m?K using COMSOL
Multiphysics falls exactly within this range, providing further validation for our numerical
models of signal-transmissive walls.

In designing the signal-transmissive walls, copper was initially used as the connector
material, but was later replaced by stainless steel in an effort to reduce thermal bridging
effects caused by the 5G antenna. The results in Table 2 confirm the success of this change,
as the U-value decreased to 0.156 W/m?2K, which is below the maximum U-value recom-
mended by the National Building Code of Finland (i.e., U = 0.17) [34] for external walls.
The increase in U-value is a small amount, 0.0064 W/m?K (=0.156-0.1496). The heating
degree day (HDD) method (as described in Equation (9)) was used to calculate the heat
loss and cost associated with this increase in U-value (i.e., 0.0064 W/m?K).
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Qwull_heut_loss = (u-24-HDD)/1000 (9)

where Quail heat 10ss 1S the heat loss through the wall per year (KWh/m?), U is the U-value
(W/m?K), 24 is the conversion factor (h/d), and HDD are the heating degree days a year
(Kd/a). Annual heating degree days and district heating price in Helsinki were assumed
to be 3547 °C d/a (averaged value from 2008 to 2022; the effective indoor temperature is
17 °C) [35] and 11.35 cents/KWh [36]. The simulation results indicated that the current
design requires only an additional 0.545 KWh/m? of heating energy per year, resulting in a
cost of approximately 0.062 EUR/m? per year. This cost is considered negligible. On the
other hand, the previous design had an additional heat loss of 12.8 KWh/m? per year and
a cost of 1.45 euros/m? per year, which was 23.5 times greater than the current design. The
current design has greatly reduced thermal bridging effects.

Figures 11 and 12 display the results of heat flow lines and temperature distributions
of signal-transmissive walls in COMSOL Multiphysics.

Compared to the heat flow lines in the sandwich wall (as shown in Figure 10), the
observations from Figures 11 and 12 are as follows:

e Inthe current design, it can be assumed that the heat flows perpendicular to the planes
of the building elements. However, in the previous design, the heat flow direction was
no longer perpendicular to the planes of the building elements.

e  Unlike the current design, in the previous design (Figure 12), the distribution of heat
flow lines varied between different layers. For instance, in the insulation layer, the
heat flow lines are distributed closer to the dual coaxial cable compared to other layers.
This is because the thermal resistance of rockwool is much higher than that of the dual
coaxial cable, which used copper as a center connector material.

Surface: Temperature (degC) Streamline: Heat flow lines (conductive heat flux)

150 mm

0

Figure 11. Heat flow lines generated by numerical modeling (COMSOL Multiphysics) for the signal-
transmissive wall with stainless steel as connector materials (current design).
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Surface: Temperature (degC) Streamline: Heat flow lines (conductive heat flux)

15
© 150
100 |10
mm

50
5
0
-5

..0

Figure 12. Heat flow lines generated by numerical modeling (COMSOL Multiphysics) for the signal-
transmissive wall with copper as connector materials (previous design).

The above observations further confirm the previous conclusion that the current de-
sign minimizes the thermal bridging effect. Furthermore, the observations also suggest
that the isothermal planes method is more appropriate than the parallel path method
for determining the U-values of signal-transmissive walls. In an inhomogeneous layer,
there can be significant changes in heat transfer paths if the thermal conductivity con-
trast between its materials is much higher than that of its adjacent layers (e.g., for the
previous design). The parallel path method does not take this fact into account, while
the isothermal planes method does. In the isothermal planes method, heat transfer paths
are reallocated layer by layer. If the U-values estimated by COMSOL Multiphysics are
taken as target values, the percentage errors generated by the three analytical methods
are as follows (=(calculated U-value by analytical approach—U-value by COMSOL) *
100/U-value by COMSOL):

e  For the current design (Table 2): —1.9% (parallel path), +0.64% (isothermal planes),
and —0.64% (ISO 6946 combined).

e  For the previous design (Table 2): —42.3% (parallel path), +6.7% (isothermal planes),
and —25% (ISO 6946 combined).

For the current design, all three analytical methods produced good accuracies, with
the isothermal planes and ISO 6946 combined methods slightly outperforming the parallel
path method. However, for the previous design, the isothermal planes method significantly
outperformed the other two methods. The National Building Code of Finland [34] employs
the isothermal planes method in calculating the thermal resistances of inhomogeneous
layers. Additionally, ASHRAE [24] and the National Building Code of Finland [34] provided
more complex methods for situations where thermal bridging effects were substantial.

3.2. Three by Three Signal-Transmissive Walls

Figure 13 shows heat flow lines and temperature distributions of 3 x 3 signal-transmissive
walls in COMSOL Multiphysics.
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Figure 13. Heat flow lines generated by numerical modeling (COMSOL Multiphysics) for (a) the
3 X 3 signal-transmissive wall with stainless steel as connector materials (current design), and (b) the
3 x 3 signal-transmissive wall with copper as connector materials (previous design).

The heat flow patterns in 3 x 3 signal-transmissive walls exhibit comparable trends to
those depicted in Figures 11 and 12 for standalone signal-transmissive walls. Specifically,
for the current design, heat flows in a direction almost perpendicular to the building
element planes, unlike the previous design. Moreover, the results revealed that the heat
flow patterns of individual cells (a cell is a signal-transmissive wall depicted in Figure 3)
within 3 x 3 signal-transmissive walls remain consistent with those observed in standalone
signal-transmissive walls. Using the numerical approach, the overall U-values for the
3 x 3 signal-transmissive walls, including all cells, were determined to be identical to
those presented in Table 2, which were 0.156 and 0.3 W/m?K for the current and previous
designs, respectively. The U-values calculated via theoretical approaches were also the
same as those listed in Table 2. The average (normal) conductive heat fluxes on the interior
surfaces of the nine cells ranged from 4.68 to 4.73 W/m for the current design, and from
8.83 to 8.90 W/m for the previous design, indicating proximity between the nine cells.

Figures 11-13 do not display a temperature profile for any plane inside the walls, so
to address this concern, we selected a cut plane that is situated 20 mm from the exterior
surface of a wall to showcase the temperature profiles for signal-transmissive and
3 x 3 signal-transmissive walls (refer to Figures 14 and 15). This cut-plane is positioned
in the outer concrete layer. As evidenced by Figures 12 and 13, the heat flow in the
concrete layers is more disorderly than that in the insulation layer.

Some observations have been made from Figures 14 and 15, as well as from analyzing
temperature profiles from various cut planes situated in different layers (not shown here
due to space limitations):

e  The current design (shown in Figure 14) has an insignificant thermal bridging effect,
as the maximum temperature difference is less than 0.04 °C. However, the previous
design exhibits clear thermal bridging effects with a maximum temperature difference
of approximately 0.4 °C, as presented in Figure 15.

e  The thermal bridging effect, as depicted in Figure 15, affects an area larger than that of a
dual coaxial cable but smaller than the cell size of 150 mm x 150 mm. This observation
is probably applicable to all planes that are perpendicular to the building elements.

e  The thermal bridging effect, although small, cannot be disregarded in some planes of
the current design.



Energies 2023, 16, 2657 14 of 17

e  There is no evidence to suggest that the thermal behavior of a cell is dependent on its
location in the 3 x 3 signal-transmissive wall. This is supported by the fact that all nine
cellsin a 3 x 3 signal-transmissive wall were found to have similar average surface
conductive heat fluxes (Figure 13), and their temperature profiles for cut planes are
also very similar and closely resemble those of standalone signal-transmissive walls
(as demonstrated in Figure 15).

However, more investigation is necessary to validate these findings (see Section 4 for
future work).

Temperature profile (9C)
150 -9.72
400
100 -9.73 300
mm mm
200
-9.74
50
100
ey -9.75 20
(a) 50 mm 100 150 m % 200 mm 390 00

Figure 14. Temperature profile for the cut plane, which is 20 mm away from the exterior surface:
(a) Signal-transmissive wall (current design); (b) 3 x 3 signal-transmissive wall (current design).

Temperature profile (2C)
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Figure 15. Temperature profile for the cut plane, which is 22 mm away from the exterior surfaces:

(a) Signal-transmissive wall (previous design); (b) 3 x 3 signal-transmissive wall (previous design).

4. Conclusions

In this work, the 3D finite element method was used to perform steady-state thermal
analysis primarily on three types of walls: the sandwich wall, the signal-transmissive wall
using stainless steel as connector material (the current design), and the signal-transmissive
wall using copper as connector material (the previous design). Compared to the sandwich
wall (with a U-value of 0.1496 W /m?K), the current design slightly increased the U-value
to 0.156 W/m?2K, which is below the maximum recommended U-value of 0.17 W/m?2K for
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external walls specified by the National Building Code of Finland. The building energy
simulation showed that in Helsinki, an increase in the U-value by 0.0064 W/ m2K (from
0.1496 to 0.156), would result in only an additional external wall heat loss of 0.545 KWh/m?
per year (equivalent to approximately 0.062 euro/m? per year if district heating is utilized).
However, the previous design raised the U-value to 0.3 W/m?K, which greatly exceeded the
U-value limit specified by the National Building Code of Finland, leading to an additional
heat loss of 12.8 KWh/m? per year (23.5 times that of the current design).

The 3D numerical models (Figures 11 and 12) demonstrate a significant reduction in
the thermal bridging effect from the previous design to the current design. Additionally, if
a highly thermally conductive material, such as copper, is used for the center connectors in
the signal-transmissive wall, heat flow may not always occur in a direction perpendicular
to the building element planes. As a result, heat transfer paths could vary from layer to
layer, leading to poor performance of the parallel path method. Furthermore, the results
of comparing the U-values of signal-transmissive walls calculated using the parallel path,
isothermal planes, and ISO 6946 combined methods showed that the isothermal planes
method provided more accurate results.

In addition to the three wall models investigated in this work, thermal analysis was
also conducted for a configuration of 3 x 3 signal-transmissive walls, consisting of nine
signal-transmissive walls arranged in a 3 x 3 grid, using both numerical and theoretical
methods. The calculated U-values for the 3 x 3 configuration were found to be the same as
those for the standalone signal-transmissive walls. Additionally, it was observed that the
areas affected by thermal bridging were generally smaller than the design dimensions of a
signal-transmissive wall, which are 150 mm x 150 mm.

In the future, we plan to conduct a 3D transient heat transfer simulation for an
apartment with partially signal-transmissive external walls. Currently, performing such a
simulation is difficult due to the high computational demand, and it may require the use of
supercomputing in the future.

Material choices affect both the thermal and electromagnetic properties of the signal-
transmissive wall. The use of material with higher electrical conductivity would improve
the electromagnetic transmission of the system. In the future, we need to study how ma-
terials, such as copper could be used in coaxial cable assemblies without compromising
thermal insulation. Furthermore, the use of foldable coaxial cable assemblies should be
studied. By folding the coaxial cable, the heat transfer should be smaller, which makes
it possible to use other materials than stainless steel in the antenna system. Additionally,
protecting antennas against changing operational conditions of weather, temperature, and
humidity over the years of a building’s life cycle is an important future study. Holistic
comparisons of active and passive antenna solutions will determine the actual solutions to
be deployed in zero-energy buildings. The ability of building walls to keep thermal insula-
tion while reducing electromagnetic insulation is one of the important key performance
indicators of such antenna solutions.

Smart materials are embedded with sensors, electronics, or other technologies to en-
hance building performance by monitoring, controlling, and communicating with building
systems and occupants [37]. The proposed antenna shows promise and could be included
in smart material-based systems. Future research will also investigate the challenges re-
lated to smart antennas, including directional beamforming. By utilizing beamforming
technology to focus the radiation pattern on the user’s device, the 5G antenna can maintain
a stable and high-quality connection while delivering the signal more efficiently.
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