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Abstract: A numerical parameter sensitivity analysis of the design parameters of the recently pub-
lished solar selective thermal insulation system (SATIS) has been carried out to enhance its thermal
and optical properties. It turned out that the insulation properties of SATIS can be effectively im-
proved by reducing the length of the glass closure element. Increasing the area share of the light
conducting elements (LCEs) and decreasing their length-to-diameter (L/D) ratio were identified as
key parameters in order to increase the solar gain. Two SATIS variants were compared with the same
wall insulation without SATIS in a yearly energetic performance assessment. The SATIS variant with
10 mm length of the closure element, 44.2% area share of LCE, as well as front and rear diameters of
12 mm/9 mm shows an 11.8% lower transmission heat loss over the heating period than the wall
insulation without SATIS. A new methodology was developed to enable the implementation of the
computed solar gains of SATIS in 1D simulation tools. The result is a radiant heat flow map for
integration as a heat source in 1D simulation models. A comparison between the 1D and 3D models
of the inside wall heat fluxes showed an integral yearly agreement of 98%.

Keywords: solar selective thermal insulation system (SATIS); parameter sensitivity analysis; yearly
energetic performance assessment; radiant heat flow map; effective thermal conductivity; total solar
energy transmittance

1. Introduction

From a thermal point of view, conventional opaque insulation materials reduce trans-
mission heat losses by increasing the thermal resistance. Alternatively, transparent insula-
tion materials (TIMs) are characterized by good thermal insulation combined with high
light transmission and can be used in various shapes and applications [1,2]. The main
applications of such systems comprise solar collectors for process heat generation, solar
collectors for domestic hot water storage, long-term thermal energy storage, daylighting
and space heating systems via facades or roofs [3,4]. When TIMs are used as passive facade
heating systems, not only the transmission heat losses can be further reduced, but also
additional solar gains can be obtained to compensate for other energy losses (ventilation,
windows, etc.) [4].

In the construction of TIMs, it is important to choose the main design parameters
in such a way that the heat loss is kept as low as possible and, at the same time, a high
solar gain in winter months is ensured. For this purpose, numerical parameter studies
of the main design features can be carried out, since they can often be realized more
quickly and at lower cost than experimental investigations. In order to perform such
numerical investigations on TIMs, validated models are required that reflect the main

Sustainability 2021, 13, 7336. https://doi.org/10.3390/su13137336 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-3973-0759
https://orcid.org/0000-0002-7954-2333
https://orcid.org/0000-0002-0027-2351
https://doi.org/10.3390/su13137336
https://doi.org/10.3390/su13137336
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13137336
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13137336?type=check_update&version=1


Sustainability 2021, 13, 7336 2 of 19

physical processes, i.e., thermal (conduction, convection, and long-wave thermal radiation)
and short-wave solar radiation transport, with sufficient accuracy.

In recent years, optical and thermal models with different levels of detail were devel-
oped for various TIMs. In [5], analytical models for the solar transmittance of honeycomb
(square and tubular), slat and v-slat structures were developed and compared with ex-
periments. A honeycomb model was also used in [6] and validated for different plastic
materials. In [7], the heat transport within plastic honeycomb-type structures was inves-
tigated, and it was found that only a few parameters are needed for modeling and were
derived from experiments with 11 different materials. In [8], a one-dimensional model was
used to study the coupled radiative and conductive heat transfer across honeycomb panels.
A Monte Carlo method was used in [9] to simulate the combined conduction and radiation
heat transfer in honeycomb-type transparent insulation materials. A three-dimensional
model to investigate the total heat transfer across a honeycomb structure has been used
in [10]. The computed results were compared with experimental results from [8] and
showed good agreement. Moreover, using the validated 3D model, several parametric
studies were performed to evaluate the effect of the construction parameters (aspect ratio,
wall emissivity, etc.) on the heat losses of the TIM.

In addition to the parameter sensitivity analysis of a TIM, which paves the way for
further optimization of the thermal and optical properties, its yearly energy performance
is also of particular importance when applied to an energy-storing wall structure. One
approach is the method proposed in the ALTSET project (Angular-dependent Light and
Total Solar Energy Transmittance for Complex Glazings) for complex glazings to determine
the angle-dependent total solar energy transmittance (g) using standard conditions [11].
In [12], a methodology is presented using measurements of g at four incidence angles (0°,
30°, 45°, and 60°) to determine monthly effective g-values. These g-values shall be used in
the monthly procedure according to DIN 4108-6 [13] to determine the solar gains of the
wall structure. The computation methodology of the monthly effective g-value from [12]
has also been incorporated into the guideline of the German professional association
“Transparente Wärmedämmung e.V.” [14].

Another way to determine the solar gains is the dynamic simulation of the overall
wall structure over, for example, a calendar year using real weathering data and a validated
numerical model. Here, energetic analyses can be carried out in order to compare heating
energy demands in winter and overheating problems in summer. In [15], TI systems were
investigated over a full calendar year on office buildings using the simulation tool ESP-r. It
was found that the annual amount of heating energy required can be reduced by up to 8%.
By using a 300 mm thick brick wall behind the TI system, summer overheating problems
were reduced and delayed by up to 12 h in the office zones. An entire wall structure
consisting of an internally plastered sand-lime brick and a TI system was numerically
investigated in [16] from September to May for different facade orientations. It was
concluded that the application of transparent insulation to a wall with an eastern or
western orientation leads to a reduction of the annual effective heat gains of the building
envelope in the range of 24% to 31% with respect to the value of these effective heat gains
for a south-oriented wall structure.

The prototype of the recently published solar selective thermal insulation system
(SATIS) [17], which consists of a thermal insulation plaster with micro hollow glass spheres
as the base material and incorporated light conducting elements (LCEs), showed a highly
angle-dependent total solar energy transmittance in experiments. At the design angle of
SATIS (19°), the experimentally determined g amounts to 11.2% and is reduced by 75% to
2.9% at an incidence angle of 60°. Compared with SATIS, TIMs have the maximum trans-
mittance at 0° (perpendicular irradiation) and a nearly constant value over a wide range of
incidence angles [1]. This often leads to summer overheating effects when applying TIMs
to south-facing facades [1,15,18], which shall be avoided by the solar selective properties
of SATIS. In addition, most TIMs are made of glass or plastic [3], which have significantly
higher thermal conductivities than the insulating material used for SATIS.
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The obtained highly solar irradiation angle-dependent transmittance of SATIS [17] is
associated, however, with an increase in the effective thermal conductivity of the insulation
layer compared to the basic insulation material without SATIS (57 mW

m K vs. 45 mW
m K ). This

would imply an increase in the transmission heat loss, which may counterbalance the
solar gain achieved by the introduced SATIS concept. Accordingly, a dedicated design
review of SATIS is very much needed, first, to define the most important design parameters
affecting both solar radiation transmittance and effective thermal conductivity, and second,
to enhance its performance (increasing the solar transmittance and reducing the effective
thermal conductivity). Indeed, the monthly averaged methodology to determine solar
gains [12], which only uses g at the irradiation angles of 0°, 30°, 45° and 60°, is not suitable
for design reviewing the SATIS concept because of the highly solar selective characteristics
of SATIS near the design angle (19°) compared to the nearly constant transmittance of TIMs,
for which the methodology has been developed.

Dynamic experimental investigations using SATIS applied on a solid brick masonry
have been carried out in [19]. Furthermore, a dynamic model, comprising SATIS and a
solid brickwork, was developed and thoroughly validated against the obtained experi-
mental results [19]. The dynamic model was able to very well predict the heat storage
in the masonry as well as the polar and azimuth angle dependence of transient absorber
temperatures and heat fluxes on the inside surface of the wall construction.

The objective of this work is to make use of the very well validated steady state
SATIS model from [17] to carry out the required design review aiming at enhancing
both the insulation (λeff) and solar gain (g) characteristics of SATIS. After defining the
influencing parameters on both characteristic values (λeff and g), a numerical parametric
study is carried out to explore the respective influence of each design parameter on each
characteristic value of SATIS. Two advanced variants of SATIS will be defined and assessed
concerning their annual energetic performance applying the validated transient model of
SATIS and the solid brickwork [19]. The obtained winter energy transmission losses and
summer heat gains of SATIS are compared with those of a wall construction consisting
of the same brickwork and insulated with the same material and thickness, but without
SATIS [20]. In order to make use of the temporally and spatially varying solar gains from
SATIS in a simplified form in a 1D simulation model, a methodology based on a radiant
heat flow map is developed and introduced, which is then verified with the original data
set obtained from the 3D model of SATIS.

2. Materials and Methods

This section presents the reference model of the solar selective thermal insulation
system (SATIS) and the investigated construction parameters. Furthermore, a methodology
is presented for comparing the newly developed system with the wall construction insu-
lated with the same material, but without SATIS in terms of yearly energy saving potential.
Finally, a new methodology for utilizing the numerically calculated angle-dependent solar
gains of SATIS in 1D simulation models is introduced.

2.1. Reference Model of the Solar Selective Thermal Insulation System (SATIS)

The steady state model of SATIS, which was developed with COMSOL Multiphysics®

and thoroughly validated and described in [17], is shown in Figure 1a,b in side and
isometric view, respectively. The model consists of a single light conducting element (LCE).
SATIS comprises the micro hollow glass spheres thermal insulation plaster (2) [21,22], air
(3) and borosilicate glass (4) [23]. The solar radiation entering the LCE from the outside
(left in Figure 1a) through the borosilicate glass cylinder acting as a closure element (4)
is absorbed by the absorber plate (1) consisting of a black painted steel sheet. The front
diameter (d1) stays for the closure element (4), while the rear diameter (d2) for the air-filled
part (3) of the LCE. The axis of the stepped hole of the LCE is inclined at an angle of 19°
to the horizontal, so that solar gains can be obtained preferably in winter months. For
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solar radiation incident at this angle, the highest total solar energy transmittance could be
determined both experimentally (11.2%) and numerically (11.7%) [17].

12

34

(a) Side view of the steady state model of SATIS. 1:
Absorber; 2: Thermal insulation plaster; 3: Air; 4:
Borosilicate glass.
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(b) Isometric view of the outside surface
of the steady state model of SATIS.

Figure 1. Reference model of the solar selective thermal insulation system (SATIS).

2.2. Parameter Sensitivity Analysis

The model described in Section 2.1 serves as reference for the parameter sensitivity
analysis of SATIS. To evaluate the influence of the construction parameters on the insulating
performance and the solar gain, the effective thermal conductivity (λeff) and the angle-
dependent total solar energy transmittance (g) are used. In this study, the influence of the
following parameters on λeff and g is investigated:

• Length (Lglass) and shape (solid/hollow cylinder) of the closure element.
• Short-wave absorption coefficient of the absorber (αabs).
• Front and rear diameter of the stepped hole (d1/d2) of the light conducting element.
• Area share of the LCE on the outside surface of the wall (ALCE).
• Alignment of the incident light rays (solar simulator from the experimental investiga-

tions with ±2° alignment deviation [17,20] or absolutely aligned light rays).

The first two investigated parameters are related to the closure element, which is,
in the first prototype of SATIS, designed as a solid cylinder made of borosilicate glass
with a length of 20 mm. The disadvantage of this transparent closure element is its action
as a thermal bridge element, which has already been shown in [17]. Since the thermal
conductivity of glass (1.2 W

m K [23]) is significantly higher than that of the thermal insulation
plaster and air, the overall thermal resistance of the insulation layer is reduced. Based on
the calculated effective thermal conductivity of the SATIS prototype (56.1 mW

m K [17]), the
thermal insulation performance must be increased to achieve a similar thermal resistance
as the thermal insulation plaster without LCEs ((45± 2) mW

m K [17,20]). For this reason, heat
and radiation transport studies are performed for cylinder lengths of 10 mm (cf. Figure 2a)
and 5 mm (cf. Figure 2b), respectively. In addition, the effect of the shape of the closure
element is also numerically investigated. Therefore, as an alternative to the solid cylinder
(cf. Figure 2c), an investigation using a hollow cylinder with a wall thickness of 1 mm (cf.
Figure 2d) is carried out.
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(a) Closure element with a length of 10 mm.
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(b) Closure element with a length of 5 mm.

(c) Closure element designed as a solid cylinder. (d) Closure element designed as a hollow cylin-
der.

Figure 2. Variation of the length and shape of the closure element.
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The third construction parameter is related to the absorber, on which SATIS is applied.
In the experiments and for the developed steady state model, a black painted steel plate
was used. The black coloring is intended to absorb the short-wave radiation transported
through the light conducting element as effectively as possible. In this study, the short-
wave absorption coefficient (αabs) is varied between 60% and 90% to verify the need for a
black absorber surface when applying SATIS.

Regarding the diameters of the LCE (d1/d2), starting from the prototype with diame-
ters of 8 mm/6 mm, a sensitivity analysis is performed for 12 mm/9 mm (cf. Figure 3a) and
4 mm/3 mm (cf. Figure 3b). The diameters were chosen in such a way that the area ratio of
the diameters remains constant (122/92 = 82/62 = 42/32), but a variation of the L/D ratio
occurs, since the layer thickness of SATIS remains constant at L = 80 mm. When varying
the diameters, the influence of the alignment of the incident light rays is also investigated.
In contrast to the investigations in [17], in which the light rays have an alignment deviation
of ±2° due to the solar simulator, absolutely aligned light rays are used. Furthermore, the
influence of the area share of the LCE on the outside surface of the wall (ALCE) on λeff
and g, starting from the prototype (26.4%), is examined for ALCE of 34.9% (cf. Figure 3c)
and 50.3% (cf. Figure 3d), respectively. Table 1 summarizes all investigated parameter
configurations.
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(a) Diameters of the light conducting element
of 12 mm and 9 mm.
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(b) Diameters of the light conducting element
of 4 mm and 3 mm.
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(c) Area share of the light conducting element
on the outside surface of the wall of 34.9%.
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(d) Area share of the light conducting element
on the outside surface of the wall of 50.3%.

Figure 3. Variation of the diameters and the area share on the outside surface of the wall of the light
conducting element.

Table 1. Investigated variants in the parameter study.

Variant Lglass in mm Shape αabs in % d1/d2 in
mm/mm ALCE in % Ray Alignment in ◦

Reference 20 solid 90 8/6 26.4 ±2
V1 5 solid 90 8/6 26.4 ±2
V2 10 solid 90 8/6 26.4 ±2
V3 20 hollow 90 8/6 26.4 ±2
V4 5 hollow 90 8/6 26.4 ±2
V5 10 hollow 90 8/6 26.4 ±2
V6 20 solid 60 8/6 26.4 ±2
V7 20 solid 70 8/6 26.4 ±2
V8 20 solid 80 8/6 26.4 ±2
V9 20 solid 90 4/3 26.4 ±2
V10 20 solid 90 12/9 26.4 ±2
V11 20 solid 90 8/6 26.4 ±0
V12 20 solid 90 4/3 26.4 ±0
V13 20 solid 90 12/9 26.4 ±0
V14 20 solid 90 8/6 34.9 ±2
V15 20 solid 90 8/6 50.3 ±2

2.3. Yearly Simulation Models

The assessment of the actual energy savings of the solar selective thermal insulation
system is performed through the comparison with a wall construction insulated with the
the same thermal insulation plaster but without SATIS (“conventional wall construction”).
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Here, two different variants of SATIS are compared with this construction in a one year
transient study with respect to winter energy transmission losses and summer heat gains.

The common feature of the investigated models is that the south-oriented wall construc-
tions, which are visualized in Figure 4a–c, have the same basic structure consisting of interior
plaster (1.5 cm [24]), solid brickwork (36.5 cm [20]) and adhesive plaster blackened with iron
oxide (0.5 cm [25,26]). Except for the shorter glass cylinder (10 mm instead of 20 mm), the
SATIS #1 variant in Figure 4b has the same properties as the fabricated and experimentally
investigated prototype [17]. SATIS #2 in Figure 4c represents a modified variant considering
construction improvements derived from the parameter sensitivity analysis.
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(a) Model of the conventional wall construction consisting of a thermal insulation
plaster with micro hollow glass spheres as additives.
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(b) Model of the wall construction with solar selective thermal insulation system
(SATIS #1).
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(c) Model of the wall construction with solar selective thermal insulation system
(SATIS #2).

Figure 4. Simulation models for the investigation of the yearly energy saving potential.

Table 2 lists the main physical and construction properties of the investigated wall
configurations. Compared to the insulation layer of the investigated SATIS prototype
(56.1 mW

m K [17]), the insulation layers of the solar selective wall constructions #1 and #2 show
effective thermal conductivities of 48.9 mW

m K and 53.7 mW
m K , respectively.

Regarding the solar selective wall constructions, the heat transfer mechanisms within
the LCE, conduction (cond) and long-wave thermal radiation (rad) are vital for the cal-
culation of λeff of SATIS and the U-value of the entire wall construction, respectively, as
shown in [17]. However, the integration of long-wave thermal radiation in the transient
numerical model, compared to the sole calculation of conduction, results in an unreason-
ably prolonged calculation time. According to an extrapolation carried out from short-time
computations, calculation time increases by a factor of 13 when long-wave radiation is
taken into account in the simulation model. This implies a computation time of 4062.5 h
(169 days) instead of 312.5 h (13 days). Therefore, the calculations in this study were
performed solely taking into account conduction. Nevertheless, in order to consider the
actual heat losses due to conduction and thermal radiation (qcond+rad), the numerically
computed yearly energy losses due to conduction (qcond) are scaled with the ratio of the
steady state U-values (Ucond+rad/Ucond, cf. Table 2) according to Equation (1). Equation (1)
is valid for long time periods (e.g., heating period), since the steady state heat loss depends
solely on the applied temperature difference between the indoor and outdoor air and the
U-value. Since the same air temperature differences are applied (same ambient air test
data), there is only a dependence of the heat loss on the U-value of the wall construction.

qcond+rad = qcond
Ucond+rad

Ucond
(1)
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For the calculation of the steady state U-values in Table 2, the standard heat transfer
coefficients [27] on the inside and outside surfaces of the wall of 7.69 W

m2 K
and 25 W

m2 K
were used, respectively. Compared with the numerical investigations for the validation
of the steady state model in [17], it is also necessary to take into account the smaller
alignment deviation of the light rays of the sun (±0.2666°) compared with that of the solar
simulator (±2°).

Table 2. Main physical and construction properties of the yearly simulation models from Figure 4.

Model d1/d2 in mm/mm ALCE in % Lglass in mm λeff,insul. in mW
mK Ucond+rad/Ucond in W

m2K

Conv. - - - 45.0 -/0.399
SATIS #1 8/6 26.4 10 48.9 0.424/0.396
SATIS #2 12/9 44.2 10 53.7 0.452/0.382

The test data shown in Figure 5a, consisting of ambient air temperature (Tambient) and
direct radiation on a surface perpendicular to the direction of irradiation (derived from
direct radiation on a horizontal surface (q̇direct,horizontal)), are the boundary conditions on
the outside surfaces of the models. This data set was created from the hourly climatic
data of Nürnberg (station id: 03668) for the year 2018 [28]. The test data set starts on the
16.09.2018 (t = 0 h). A year-round indoor air temperature of 21 °C is applied for all models,
so that both winter energy transmission losses and summer overheating effects can be
directly compared between the investigated wall constructions.

Figure 5b shows the daily mean ambient air temperature (Tambient) of the test data
set and the heating threshold temperatures of 10 °C and 15 °C [29], respectively, which are
used to estimate the length of the heating period. If the daily mean ambient air temperature
is lower than these threshold temperatures, a heat loss calculation is performed for the
resulting heating period. Figure 5b shows the periods 22.09.–20.05. (15 °C) and 21.10.–03.04.
(10 °C), which are used for comparing the simulation models.
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(a) Test data set of ambient air temperature
(Tambient) and direct radiation on a horizontal
surface (q̇direct,horizontal).
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Figure 5. Test data set, daily mean temperature and evaluation period to determine the energy
savings of the solar selective thermal insulation system.

The physical quantity used for the assessment of the actual energy losses is the heat
flux on the inside surface of each wall construction (q̇IS). The objective during the heating
season is to minimize the heat flux that is dissipated from the indoor space and thus must
be supplied via other means (e.g., fossil fuels) to maintain a constant indoor air temperature
of 21 °C. This shall be accomplished by solar energy transmitted through the LCE from the
outside to the inside surface of the wall. The transmitted energy increases the temperature
on the absorber surface behind SATIS and, accordingly, reduces or even changes the sign of
the temperature difference for the transmission heat losses, resulting in decreasing the heat
loss or even realizing a heat gain. Equation (2) defines the area-specific amount of heat
loss from the inside wall (qt1→t2

IS ) in the considered period (t1 to t2, e.g., 22.09.–20.05.) as an
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integral comparison parameter between the different wall constructions from Figure 4 and
Table 2.

qt1→t2
IS =

∫ t2

t1

q̇ISdt (2)

The coupled computation of the heat and short-wave radiation transport in the steady
state model in [17] was limited to a one-time computation of the radiation distribution by
ray tracing, which was subsequently considered constant in the thermal simulation. Due to
the temporally varying position of the sun in the transient simulation, the computationally
intensive ray tracing simulation would have to be performed again after an infinitesimally
small time step, taking into account the instantaneous solar radiation intensity as well as
the associated polar angle (ϕ(t)) and azimuth (ψ(t)) of the sun. Since the weathering data
are hourly averaged, only one mean radiation distribution is determined for each hour
from a linear interpolation of the solar position present at the beginning and the end of
that hour as well the corresponding solar radiation intensity. This procedure is shown
in Figure 6a. Here, the radiation distribution on the outside surface of the wall or in the
LCE is calculated from the mean measured radiation intensity in the period from XI to XI I
and the polar angle and azimuth of Xi. A similar procedure is used for the outdoor air
temperature (Tambient) shown in Figure 6b, in which the states are labeled YI , YI I , and Yi.
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(a) Original measurement points and inter-
polated sun position (polar angle (ϕ) and
azimuth (ψ)) for the ray tracing simulation.
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(b) Original measurement points and inter-
polated outdoor ambient air temperature
(Tambient) for the thermal simulation.

Figure 6. Interpolation procedure for solar position and outdoor air temperature in the yearly simulations.

2.4. Simplified Computational Methodology for 1D Simulation Tools

The ray tracing methodology presented in Section 2.3 based on the model introduced
in [17] computes the radiation distribution in the LCE for each mean solar position, which
subsequently serves as an input variable for the dynamic heat transfer simulation. Common
building simulation software, such as WUFI® or IDA ICE, often uses one-dimensional
model equations [30–32] without any ray tracing simulation capability to compute the heat
transport in wall structures. Therefore, in order to utilize the solar selective properties of
SATIS in 1D simulation tools, a simplified computational methodology is required. The
basis of the developed methodology is the extension of the one-dimensional transient
conduction differential equation by the heat source term (Q̇V) as defined in Equation (3).

ρcp
∂T
∂t

=
∂

∂z

(
λ

∂T
∂z

)
+ Q̇V(ϕ(t), ψ(t), z, IS,⊥(t)) (3)

In Equation (3), ρ denotes density, cp specific heat capacity, T temperature, t time, z spatial
coordinate, λ thermal conductivity, ϕ polar angle, ψ azimuth and IS,⊥ solar radiation
intensity on a surface perpendicular to the direction of irradiation. Q̇V is applied in the
insulation layer to account for the heat fluxes occurring in the LCE due to solar radiation.
Figure 7 illustrates the LCE of the simulation model SATIS #1 (top) and the one-dimensional
representation of the insulation layer (bottom). This layer uses effective values for thermal
conductivity (λeff), density (ρeff), and specific heat capacity (cp,eff).
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Figure 7. Schematic representation of the one-dimensional modeling of the radiation distribution in
the light conducting element of SATIS #1 via a heat source (Q̇V

(
ϕ(t), ψ(t), z, IS,⊥(t)

)
).

Regarding the heat source modeling, the dependencies of Q̇V on the position within
the LCE (z), the time and the instantaneous solar position parameters deriving from
it (ϕ(t) and ψ(t)), as well as the current solar radiation intensity perpendicular to the
direction of irradiation (IS,⊥(t)) have to be considered. Thus, in principle, a function of
four independent quantities is used, i.e., Q̇V = Q̇V(ϕ(t), ψ(t), z, IS,⊥(t)). To determine this
functional relationship, the independent variables are first reduced from four to three. This
can be achieved by scaling (multiplying by the scaling factor SF) the actual solar radiation
intensity (IS,⊥(t)) with respect to a reference condition (IS,⊥,ref) according to Equation (4).
This approach is based on the premise that the radiation distribution within the LCE
remains the same, except that there is locally a proportional (SF) change in the heat flux.

Q̇V(ϕ(t), ψ(t), z, IS,⊥(t)) =
IS,⊥(t)
IS,⊥,ref︸ ︷︷ ︸

SF

Q̇V(ϕ(t), ψ(t), z, IS,⊥,ref) (4)

In this study, a radiant heat flow map is generated from these three independent quantities
at the reference intensity (IS,⊥,ref) of 1000 W

m2 . This map is determined by means of a
ray tracing simulation in step sizes of ∆ϕ = ∆ψ = 2° and ∆z = 5 mm. In general, the
instantaneous incidence angles (ϕ and ψ) do not coincide with the determined grid points,
so that an interpolation must be performed. Indeed, the accuracy of this interpolation
increases with decreasing every step size.

3. Results and Discussion

In this section, the influence of the construction parameters on the effective thermal
conductivity (λeff) and the total solar energy transmittance (g) is presented. Furthermore,
the yearly energy balances of the solar selective wall constructions #1 and #2 are compared
with that of the wall structure insulated with the same thermal insulation plaster and
thickness, but without SATIS (“conventional wall construction”).

3.1. Influence of the Construction Parameters on the Effective Thermal Conductivity

One main objective of the design review of SATIS is to reduce its effective thermal
conductivity as much as possible to ensure sufficient thermal protection, especially on
days with no solar irradiation. To this aim, the reference model from Figure 1 is applied
to study the effect of the varied design parameters according to Table 1 on reducing the
effective thermal conductivity. Figure 8a–c show, starting from the reference condition
(Ref.), which has the listed parameters in line one of Table 1, the change in the effective
thermal conductivity versus the length and shape of the closure element (a), the diameters
of the stepped hole (b) and the area share of the LCE on the outside surface of the wall (c).

As shown in Figure 8a, a reduction in the glass cylinder length (Lglass), regardless of
shape, leads to a decrease in the effective thermal conductivity. Reducing the length of
the solid cylinder from 20 mm to 5 mm results in reducing the reference effective thermal
conductivity by −14.8%. This can be attributed to the fact that reducing the penetration
depth of the glass element increases the overall thermal resistance, since this more con-
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ductive closure element is replaced by a combination of air and thermal insulation plaster,
which have significantly lower thermal conductivities. The use of a hollow instead of a
solid cylinder shows only a slight improvement. The largest reduction of −3.1% occurs
at the reference length of 20 mm. Even with a hollow cylinder and a wall thickness of
only 1 mm, the glass cross-sectional area is still 43.8% of the solid cylinder. Therefore, the
thermal bridge effect is still present with the net effect of lowering the thermal resistance in
the front region. As the hollow glass cylinder length is reduced, the difference between
solid and hollow material in terms of effective thermal conductivity decreases and nearly
diminishes for the cylinder length of 5 mm.

The influence of the diameters of the stepped hole (d1/d2) on the effective thermal
conductivity from Figure 8b is only of minor importance compared to the variation of the
glass cylinder length. As the L/D ratio decreases (increasing hole diameters), λeff increases
slightly because the influence of long-wave thermal radiation within the holes becomes
more significant. Reducing the diameters to 4 mm/3 mm, λeff can be lowered by −2.1%
compared to the reference design. A stronger influence is observed, however, when varying
the area share of the LCE on the outside surface (ALCE), as depicted in Figure 8c. Here, the
increase in effective thermal conductivity correlates with increasing the area share of the
LCE. This can be attributed mainly to the growing proportion of glass (thermal bridge)
within SATIS.
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Figure 8. Influence of various construction parameters on the effective thermal conductivity (λeff).

3.2. Influence of the Construction Parameters on the Total Solar Energy Transmittance

The total solar energy transmittance (g) is used to evaluate the impact of the con-
struction parameters on the winter and summer solar heat gains. Figure 9a–c show the
dependence of g on the shape for cylinder lengths of 20 mm, 10 mm and 5 mm. Two trends
can be identified in these figures. With decreasing cylinder length, there is a slight reduction
of g for each shape of about −1% at the design angle, which is due to the axial shift of
the transition zone of the hole diameters (8 mm to 6 mm) and, correspondingly, different
positions of absorption. Furthermore, the difference in g, similar to the effective thermal
conductivity in Figure 8a, decreases between solid and hollow cylinders with reduced
cylinder length. According to the obtained results, the closure element has only a minor
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overall influence on the total solar energy transmittance, but as shown in Section 3.1, the
shortening of the glass cylinder can strongly reduce λeff.
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Figure 9. Influence of different construction parameters on the total solar energy transmittance (g).

Considering the influence of the area share of the LCEs (ALCE) on the total solar energy
transmittance (cf. Figure 9d), in particular for irradiation angles with small deviations
around the design angle (19°), significantly higher solar gains can be achieved with in-
creasing the area share of the LCEs. For 19°, changing ALCE from 26.4% to 50.3% leads
to an increase in g from 11.7% to 19.1%. This is particularly advantageous during winter
solar irradiation, as it allows the transmission heat losses to be counteracted to a greater
extent by the higher solar gains. At higher incidence angles (e.g., 60°), even with an area
share of 50.3%, there is only a 1% higher total solar energy transmittance compared with
26.4% (2.9% vs. 1.9%). This can be attributed to the fact that the solar radiation is absorbed
primarily in the front area and is emitted directly to the ambient. Thus, an increased area
share of the LCEs has a positive effect on the winter solar energy gain without having
a significant negative effect on summer overheating protection. However, this positive
effect of increasing ALCE is accompanied by a negative effect on the effective thermal
conductivity (cf. Figure 8c). Accordingly, no general recommendation can be made here to



Sustainability 2021, 13, 7336 12 of 19

always increase this value, as the higher transmission heat losses may not be compensated
by the additional solar gains. In order to judge on this parameter, the annual energetic
assessment of the whole wall construction as described in Section 2.3 is needed.

The influence of varying the absorption coefficient of the absorber layer (αabs) on the
total solar energy transmittance over the studied range of incidence angles is visualized
in Figure 9e. As can be observed, the variation of αabs has a negligible effect on the total
solar energy transmittance for all incidence angles. For larger deviations from 19°, most of
the incident solar radiation is absorbed near the outside surface of the wall. Accordingly,
there is no influence of αabs on g. The explanation for the negligible effect of αabs on g at or
around the design angle of 19° is quite different. Indeed, the radiation striking the absorber
area is partially absorbed and partially reflected based on the absorption coefficient. Due
to the very small diameter of 6 mm, for the investigated reference design, almost the whole
diffusely reflected radiation is absorbed by the insulation material surface surrounding
the LCE in the immediate vicinity of the absorber. Recalling that the total solar energy
transmittance is evaluated under steady state conditions, the net heat flux is not directly
received through the LCE by radiation, but indirectly through the insulation material itself
by conduction. At enlarged diameters of the LCE, it is expected that a greater portion of
the reflected radiation by the absorber may propagate further to the outside surface of the
wall and, consequently, the influence of the absorption coefficient on the total solar energy
transmittance would be stronger.

Figure 9f shows the total solar energy transmittance (g) for the diameter ratios of
12 mm/9 mm, 8 mm/6 mm and 4 mm/3 mm. In this investigation, compared to the param-
eter studies illustrated in Figure 9a–e, which were computed for the alignment deviation of
the light rays of the solar simulator (±2°), a variation of this alignment is also performed
(perfectly aligned light rays). As can be seen in Figure 9f, especially at the design angle
of 19° and in its close vicinity, a higher total solar energy transmittance is obtained for all
diameters with increasing the alignment of the light rays. Furthermore, irrespective of the
alignment of the light rays, the highest total solar energy transmittances are obtained near
the design angle for the lowest investigated L/D ratio (12 mm/9 mm). The influence of
the L/D ratio can be also observed for larger deviations of the incidence angle from 19°,
where again lower ratios allow for higher total solar energy transmittances, since overall,
there are fewer reflections of the light rays at the walls of the LCE on their way to the
absorber. For high incidence angles (e.g., 60°), similar to the behavior by varying ALCE,
a significant reduction of the differences in g between the investigated diameters occurs,
which contributes to summer overheating protection. In general, it must also be taken into
account that although higher solar gains are possible with decreasing L/D ratio, this also
increases the influence of natural convection and long-wave thermal radiation inside the
LCE (higher λeff, cf. Figure 8b).

3.3. Yearly Energetic Performance of the Solar Selective Thermal Insulation System (SATIS)

The numerical simulations for computing the yearly energetic performance start on
the date 16.09. with the steady state initial temperature distribution within each wall
construction. Thus, each simulation model has a settling time of about one week before
the first evaluation period (heating threshold temperature of 15°) starts on 22.09. Figure 10
shows, starting from 22.09. (t = 0 h), the temperature in the absorber or behind the insulation
layer (Tabs) for the investigated wall constructions.
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Figure 10. Temperature in the absorber or behind the insulation layer (Tabs) for the solar selective
wall constructions (#1 and #2) and the wall construction insulated with the same thermal insulation
plaster but without SATIS (“Conventional”).

It can be observed that Tabs of the solar selective wall constructions #1 and #2 is
subjected to significantly stronger fluctuations in autumn and especially in winter months
than in summer. This is due to the solar gains at lower incidence angles, which result in
an increase in the absorber temperature. During summer, absorption occurs primarily in
the front area of the LCE. Due to the higher absorption coefficient of the plaster in the
LCE compared with that of the exterior white wall paint of the wall construction insulated
with the same thermal insulation plaster but without SATIS (“Conventional”), Tabs of
the solar selective wall constructions is a little higher than the temperature behind the
insulation layer of the conventional system during summer. Particularly at low daily mean
air temperatures in the order of −10 °C and at the same time comparatively high solar
radiation intensities (cf. Figure 5 day 166 or hour 3800), the solar selective wall construction
#2 has an approximately 2.2 K higher average temperature in the absorber compared with
the conventional wall construction.

Figure 11 shows the heat flux on the inside surface of the wall (q̇IS) for the conven-
tional wall construction and the solar selective variants #1 and #2. Positive heat fluxes
correspond to a heat flow towards the outside surface of the wall, i.e., a transmission
heat loss. Comparing the wall constructions with each other, solar gains in the middle of
October (hour 560) are obtained for the wall construction #2. Here, the temperature on the
inside surface of the wall exceeds the indoor air temperature of 21 °C, releasing heat to the
indoor space (q̇IS < 0 W

m2 ). Even in winter months, a reduction in the heat flux is achieved
for certain days if a suitable incidence angle and sufficient solar radiation are available. The
maximum heat loss can be reduced by about 25% with the solar selective wall construction
#2 at the lowest daily mean air temperature (early March, hour 3800) compared with the
conventional wall construction (from 11.4 W

m2 to 8.4 W
m2 ).
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Figure 11. Heat flux on the inside surface of the wall (q̇IS) for the solar selective wall constructions
(#1 and #2) and the wall construction insulated with the same thermal insulation plaster but without
SATIS (“Conventional”).



Sustainability 2021, 13, 7336 14 of 19

Examining the heat flux released into the indoor space (q̇IS < 0 W
m2 ) during the summer

months (21.05.–21.09., hour 5784 to 8760) in Figure 12, there is only a slight shift of the
curves of the solar selective wall constructions towards lower heat fluxes, i.e., higher
heat gains into the interior occur. A large amount of heat is absorbed near the closure
element and immediately transferred back into the ambient. The heat input into the solid
brickwork or the heat transport to the inside of the wall occurs almost exclusively by
thermal diffusion processes in the LCE, so that no significant peak heat flows occur as
opposed to the winter months.
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Figure 12. Heat flux released into the indoor space (q̇IS < 0 W
m2 ) for the solar selective wall construc-

tions (#1 and #2) and the wall construction insulated with the same thermal insulation plaster but
without SATIS (“Conventional”).

Figure 13 illustrates the evaluation of Equation (2) to determine the area-specific
amount of heat on the inside surface of the wall and is performed for the periods 22.09.–
20.05. (heating threshold temperature 15°), 21.10.–03.04. (heating threshold temperature
10°) and 21.05.–21.09. (summer months) for the wall construction insulated with the same
thermal insulation plaster, but without SATIS (“Conventional”) and the solar selective
variants #1 and #2. The conventional wall construction has heat losses due to conduction
(HL cond) of q22.09.→20.05.

IS = 31.82 kW h
m2 /q21.10.→03.04.

IS = 27.17 kW h
m2 . For the solar selective

wall constructions #1 and #2, these heat losses amount to only 28.84 kW h
m2 /25.22 kW h

m2 and

23.71 kW h
m2 /21.76 kW h

m2 , respectively.
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Figure 13. Heat losses due to conduction (HL cond), heat losses due to conduction and thermal
radiation (HL cond+rad), effective solar gains (SG) and effective overheating (OH) of the solar
selective wall constructions (#1 and #2) compared with the wall construction insulated with the same
thermal insulation plaster, but without SATIS (“Conventional”) for different evaluation periods.
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However, the increased transmission heat losses due to long-wave thermal radiation
(HL cond+rad), as mentioned in Section 2.3, must be taken into account by means of the
U-value ratio according to Equation (1). This results in effective heat losses for the solar
selective wall constructions #1 and #2 of 30.88 kW h

m2 /27 kW h
m2 and 28.06 kW h

m2 /25.75 kW h
m2 ,

respectively. Therefore, SATIS #1 has absolute and relative effective solar gains (SG) of
0.94 kW h

m2 /0.17 kW h
m2 and 3.0 %/0.6 %, respectively, compared with the conventional wall

construction. SATIS #2, which already incorporates construction improvements from the
parameter sensitivity analysis in Section 2.2, enables a reduction of 3.76 kW h

m2 /1.42 kW h
m2 and

11.8%/5.2%, respectively. To balance the additional cooling energy required to maintain the
indoor air temperature of 21 °C compared to the conventional wall, the negative heat fluxes
shown in Figure 12 are used during the period 21.05.–21.09. (hour 5784 to 8760). Effective
overheating values (OH) of 0.43 kW h

m2 (#1) and 1.29 kW h
m2 (#2), compared to the conventional

system, are obtained here. Thus, in absolute terms, improving the construction from #1 to
#2 can increase the solar gain (SG) by 2.82 kW h

m2 /1.25 kW h
m2 , while the overheating (OH) rises

only by 0.86 kW h
m2 .

The methodology presented in Section 2.4 using a one-dimensional model of the wall
structure and a radiant heat flow map to account for the heat fluxes occurring in the LCE
is evaluated below. Figure 14 shows the map for IS,⊥,ref = 1000 W

m2 with 0° ≤ ϕ ≤ 66°,
0° ≤ ψ ≤ 88° and 0 m ≤ z ≤ 0.08 m, which was calculated for step sizes of ∆ϕ = ∆ψ = 2°
and ∆z = 5 mm. This map, which is exclusively valid for the solar selective wall construc-
tion #1, was determined through a ray tracing simulation. Since the present investigations
involve a south-facing facade, the calculation of half the map is sufficient, since there is
a symmetrical radiation distribution about the ϕ-axis. The color coding in Figure 14 also
takes into account the comparatively high heat fluxes (large surface area) occurring on the
outside surface of the wall (z = 0.08 m), so that a large amount of grid points in Figure 14
lies in the lower range of the color coding. However, on the ϕ-axis (ψ = 0°), the penetration
of the short-wave radiation towards the absorber (z = 0 m) in the immediate vicinity of the
design angle (ϕ = 19°) is well visible.
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Figure 14. Radiant heat flow map of the solar selective wall construction #1 (symmetric about ϕ-axis,
computed for ∆ϕ = ∆ψ = 2° and ∆z = 5 mm).

The computed radiant heat fluxes are used in the heat source term in Equation (3).
Moreover, the scaling factor from Equation (4) is used to account for the actual radiation
intensity (IS,⊥(t)) versus the reference condition (IS,⊥,ref)) at each respective time step.
Figure 15 shows the heat flux on the inside surface of the wall (q̇IS) of the solar selective
wall structure #1 and the one-dimensional model according to Equation (3). Comparing the
two curves with each other, there is a very good qualitative agreement. It can be noticed
that up to approximately t = 4000 h, deviations occur occasionally, if there are beneficial
irradiation constellations (low irradiation angle, high solar radiation intensity) for SATIS.
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In this case, the one-dimensional model cannot completely reproduce the actual reduction
of the heat flux. At higher irradiation angles starting from t = 4000 h, both curves are
nearly identical, since the light rays are almost solely absorbed in the region of the glass
cylinder. Performing an integral comparison (q22.09.→21.09.

IS ) of the two curves gives a very
good agreement of 98% over the entire period with a significant reduction in computational
time from 312.5 h to 6.25 h. For possible improvements of this methodology, it has to be
verified whether in the range of low irradiation angles, reduced step sizes (∆ϕ, ∆ψ and
∆z) lead to an even higher agreement of the curves, and whether the higher accuracy is in
relation to the additional computational effort of the map.

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

0

5

10

15

t in hours

q̇ I
S

in
W m
2

SATIS #1
1D + map

Figure 15. Comparison between the heat flux on the inside surface of the wall (q̇IS) of the solar
selective wall construction #1 and the one-dimensional model using the computed radiant heat
flow map.

4. Conclusions

In this work, numerical studies were carried out on the influence of various construc-
tion parameters of the newly developed solar selective thermal insulation system (SATIS)
on the effective thermal conductivity and the total solar energy transmittance. Starting
from the prototype of SATIS [17], the effects of varying the length and shape of the closure
element, the short-wave absorption coefficient of the absorber, the front and rear diameter
of the stepped hole, the area share of the LCE on the outside surface of the wall, as well
as the alignment of the light rays on the effective thermal conductivity and the total solar
energy transmittance have been thoroughly investigated. Furthermore, a yearly investiga-
tion of two solar selective wall constructions and a wall construction insulated with the
same thermal insulation plaster, but without SATIS, was carried out. Moreover, in order to
utilize the solar gains of SATIS in a simplified form, a methodology was developed and
verified, which takes into account the angle-, position- and intensity-dependent radiant
heat fluxes as internal heat sources by means of a 1D model and a radiant heat flow map.
The main outcomes of the investigations are summarized below:

• In terms of effective thermal conductivity, the greatest reduction of this quantity was
achieved by shortening the length of the closure element to 5 mm, which lowered the
effective thermal conductivity by −14.8% compared to the prototype (20 mm).

• Increasing the diameters of the stepped hole or the area share of the light conducting
element (LCE) resulted in an increase in the effective thermal conductivity.

• Increasing the area share of the LCE on the outside surface of the wall from 26.4% to
50.3% resulted in a significant increase in the total solar energy transmittance at the
design angle of SATIS of 19° (from 11.7% to 19.1%) and in the immediate vicinity of
this angle. At higher incidence angles (e.g., 60°), only small increases in total solar
energy transmittance in the order of 1% occurred.

• The front and rear diameter of the stepped hole were also identified as key parameters
to increase the total solar energy transmittance in the immediate vicinity of the design
angle. A reduction in the L/D ratio of the LCE, e.g., through using diameters of
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12 mm/9 mm instead of 8 mm/6 mm, results in additional solar gains. Furthermore,
the importance of aligned light rays penetrating the LCE increases with rising the
L/D ratio.

• In the yearly investigation, the variant SATIS #1, which deviates only slightly from
the developed SATIS prototype (cf. Section 2.3), shows a reduced heat loss by 3%
compared to the wall construction insulated with the same thermal insulation plaster,
but without SATIS over the period from 22.09. to 20.05. (heating threshold temperature
of 15 °C). Moreover, SATIS #2, which was optimized on the basis of the results of the
parameter sensitivity analysis, shows a reduction in transmission heat losses of 11.8%
over the same time period.

• If the heat gain released to the indoor space during the remaining period (21.05.–21.09.)
is compared with the solar gains during the heating period (22.09.–20.05.), it can be
observed that the absolute winter energy gain due to the modification of SATIS from
#1 to #2 increases by 2.82 kW h

m2 , while the summer additional heat gain amounts to

only 0.86 kW h
m2 .

• The radiant heat flow map used for the 1D model was created with step sizes of
the independent quantities of ∆ϕ = ∆ψ = 2° and ∆z = 5 mm using ray tracing
simulations at a reference intensity of 1000 W

m2 . Using SATIS #1, an integral yearly
agreement of 98% of the 1D with the 3D model could be achieved with a reduction of
the computation time from 312.5 h to 6.25 h.
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