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Abstract: One of the strategies to improve the energy performance of buildings may be the use of
passive solar systems with transparent insulation. In the article, a numerical model of solar wall
(SW) with transparent insulation (TI) obtained using the method of elementary balances is presented.
On this basis, numerical simulations of the behavior of SW with a transparent honeycomb insulation
made of modified cellulose acetate were performed for 4 different climatic conditions in Europe
(Stockholm, Warsaw, Paris, and Rome). For each location, the calculations were carried out for three
different TI thickness values (48, 88, and 128 mm), for thermal diffusivity of the accumulating layer
(AL) ranging from 4.32 x 1077 to 8.43 x 1077 m? /s, and for its thickness ranging from 0.1 to 0.5 m.
The purpose of simulations was to select the appropriate material and thickness of AL and TI for the
climatic conditions. The following solutions proved to be the most favorable: Stockholm: TI—thk.
128 mm, AL—sand-lime blocks, thk. 25 cm; Warsaw: TI—thk. 128 mm, AL—sand-lime blocks, thk.
27 cm; Paris: TI—thk. 88 mm, AL—solid ceramic brick, thk. 27 cm; Rome: TI—thk. 48 mm, AL—solid
ceramic brick, thk. 29 cm.

Keywords: transparent insulation; solar wall; accumulating layer; energy efficiency; European climate

1. Introduction

The European Union has imposed an obligation on all member countries to reduce
energy consumption, with this obligation being particularly relevant to sectors of the
economy characterized by significant energy consumption. As buildings are responsible
for approximately 40% of the total energy consumption worldwide, construction industry
is a particular type of these sectors [1].

About 35% of the annual energy consumption in residential buildings is used for
heating and ventilation, while public buildings use about 45% of energy for this purpose [2].
One of the strategies to improve the energy performance of buildings and reduce their heat
demand for heating can be the use of passive solar systems integrated into the external
walls of buildings (e.g., Trombe walls) [3,4]. The traditional Trombe wall is a passive solar
energy generation system based on indirect gains with the use of a heat accumulating
layer (AL). It consists of a massive wall, air layer, and glazing which together form a
system capable of absorbing, collecting, and gradually releasing heat into the building.
However, very high heat losses are one of the main drawbacks of the Trombe wall in
sunless periods and at night [5]. The efficiency of these systems can be improved by
using transparent insulation (T1) instead of traditional glazing, which is why a solar wall
(SW) with transparent insulation has recently become an interesting design solution for
newly constructed energy-efficient buildings and for renovations of buildings to a passive
standard [6,7].

TI (characterized similarly to glass by low infrared losses) performs a function identical
to that of traditional insulation, i.e., it limits heat losses from the building; however, it ad-
ditionally enables the transmittance (at the level of about 50% [6]) of solar radiation to
the AL. The energy from the solar gains available during the day is stored in the massive
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layer of the wall and is released to the rooms with some delay, depending on the AL
parameters [5,8]. In this case, the greater heat loss, compared to walls with conventional
thermal insulation, is offset by solar heat gains, and the wall acts as an additional heat
source in the room. An overview of transparent materials used as insulation materials can
be found in the works [6,9-11].

The idea of thermal insulating the external walls of buildings using transparent mate-
rials was born over 30 years ago [6]. Since then, experimental work has been carried out
to prove the effectiveness of using various transparent materials as insulation materials.
Studies on real facilities equipped with TI are described among others in the articles [12-19].
On the basis of the quoted works, it can be concluded that the use of TI on the building
envelope leads to a reduction in the need for energy for heating, while there is a danger
of overheating of rooms during the summer. Therefore, the SW should be equipped with
appropriate shading elements such as blinds or rolling shutters [12,13] which, by influenc-
ing the gains and radiant heat losses, play a significant role in the thermal performance of
Trombe walls [3,4]. The amount of the acquired solar radiation can also be regulated by
selecting an absorber with appropriate parameters [20-22].

Thermal properties of the material of which the accumulation layer is made and its
thickness are the basic parameters influencing the efficiency of SWs [5,23]. In order for
the material to store heat effectively, it must have a high density, high thermal capacity,
a significant thermal conductivity value, and an appropriate thickness so that the heat can
penetrate the whole layer of material during the absorption of solar radiation and reach
the interior of the heated room [8]. The depth, at which a daily temperature wave reaches
the accumulation material during a given period of time, depends on the value of thermal
diffusivity of the material—i.e., on the transport coefficient controlling the non-stationary
heat flow. Materials with higher thermal diffusivity values are usually more effective in
storing heat at greater depths than those with lower thermal diffusivity values. On the
other hand, if the AL is too thin, the time shift of the extreme temperature is short, and the
heat will reach the room in the early afternoon, when, at the same time, there are large
direct gains through the glazed surfaces. On the other hand, if the AL is too thick, then we
can expect a significant reduction in solar gains flowing into the building in the case of an
unventilated Trombe wall [24].

In the literature on the subject, studies on the influence of the type of AL material or
its thickness on the effectiveness of traditional SWs with external glazing can be found.
In the article [24] based on the methodology contained in ISO 13790:2008, the amount of
solar gains was determined for the Trombe wall made of heavy concrete. Calculations
were made for different AL thickness values (from 15 to 40 cm, with a change every 5 cm).
The results obtained indicate that in the case of an unventilated SW, heat gains decrease
with the wall thickness, while in the case of a ventilated SW, we can expect solar gains to
increase with the thickness of the AL. In the study [25], the optimum thickness of concrete
and brick AL in the form of an openwork wall was determined, which was a part of the
Trombe system with single glazing. The authors stated that 49 cm thick brick wall show
the best performance in this case, but from a technical point of view it may be considered
too thick, so designers can limit its thickness to 37 cm. On the other hand, for low concrete
walls (about 1 m), a thickness of 35-40 cm is optimal, while for high walls (about 3 m),
the thickness should be between 40-45 cm. When determining the optimal thickness of AL,
the authors of [25] were guided only by the criterion of the thermal efficiency of the system,
not taking into account the time lag of the temperature wave and the time of maximum
solar gains in the room.

Studies on the selection of AL material of the Trombe wall were also carried out in
the paper [26]. It compared the energy efficiency and environmental impact of two houses
located in Lyon (France)—one with Trombe walls and the other without SWs. A sum of
indicators was used as an environmental performance indicator: primary energy demand
for heating and AL-related grey energy, related to the wall life cycle (50 years). The wall
cores made of bricks of three different densities and of ordinary and lightweight concrete
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were analyzed, as well as two different types of heating: gas and electric. It was found
that lower annual primary energy consumption during the life cycle is obtained for a core
made of heavier materials and with a lower value of grey energy used for their production.
In order to achieve maximum primary energy savings and minimum environmental impact,
the core of the Trombe wall must have an optimal thickness. This value depends on the
type of heating, and so, in the case of electric heating, the optimum thickness of the brick
wall is about 35 cm, and in the case of gas heating about 25 cm.

In the study [27], the heat demand for heating and cooling was calculated and the
global warming potential (GWP) was determined for a residential building located in
Ancona (Italy) with an unventilated Trombe wall. The GWP indicator was determined for
two phases of the facility’s life cycle: the pre-utilization phase (it takes into account the
purchase of raw material, production of materials, transport, and construction) and the
utilization phase (it takes into account the energy needs for heating and cooling). The energy
demand was determined using EnergyPlus computer program as the difference in demand
between the reference building without the SW and that with it. Three AL material variants
were analyzed: concrete, brick, and cellular concrete as well as three core layer thickness
cases: 20, 30, and 40 cm. It turned out that during the utilization phase, the energy demand
depends to a large extent on the thermal properties of selected material and is the lowest
for a Trombe wall made of cellular concrete, while the cooling energy demand is the
lowest for a SW with the concrete core. Considering both the pre-utilization and utilization
phase, the best overall performance was achieved with the cellular concrete wall whose
production cycle has a low environmental impact, and at the same time, high energy
efficiency during the utilization phase. The authors stated that reducing the thickness of
the SW has two effects: the negative impact on the environment in the pre-utilization phase
is lower because the amount of material produced and transported is lower; the energy
efficiency in the utilization phase is compromised due to the lower thermal resistance of
the system. However, the overall efficiency of the SW increases with the reduction of the
wall thickness, due to the dominant influence of the pre-utilization phase.

In the literature available to the authors of this article, there are no works devoted
to the issue of selection of appropriate material and thickness of the AL of SWs with TL
Such walls, due to the increased thermal resistance of TI in relation to traditional glazing
used in Trombe systems, are characterized by a slightly different way of operation and
higher tendency to overheat (on a sunny day the temperature on the absorber may exceed
120 °C [22]). This can lead to a situation in which the TI temperature values go beyond
the temperature limits for safe operating conditions of the insulation. The optimal type of
wall core material and its thickness depend of course on the latitude and climate which the
building is located in [28], which further complicates the considerations.

Numerical simulations are the most commonly used approach for testing effectiveness
and sensitivity to selected SW parameters [9,29]. Compared to testing on a scaled model or
on actual facilities, numerical calculations are clearly much ‘cheaper” in terms of both time
and cost. Changes in the SW parameters can be easily introduced into the software and
thus provide guidelines for optimal solutions in real life [6]. Various types of calculation
models and approximate methods can be used to simulate the behavior of SWs with TL
Programs such as EnergyPlus, ESP-r, and TRNSYS provide the possibility to model SWs
dynamically over long periods of time, taking into account the geometry and thermal
characteristics of the building, as well as the climate where they are located in [21,30].
For a simplified analysis of the impact of TI walls on the heating or cooling demand
of a building, quasi-stationary algorithms such as those presented in the paper [7] or
standard [31] can be used. A non-stationary model of heat transfer based on electrical
analogies can be used for a shortened analysis of SW behavior during one day [32,33].
Such calculations can predict thermal processes taking place in the wall during days with
different insolation and to determine the daily thermal balance of the wall in different
weather conditions. A numerical SW model can also be obtained using the finite differences
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in the heat equation, after introducing an appropriate source term associated with the
absorption of solar radiation by the absorber [34].

In this work, the method of elementary balances was used to analyze the behavior
of the SW with TI. Within this method, differential elements (or elementary volumes)
represented by nodal points are distinguished in the considered area. It is assumed that
heat capacity and heat sources are geometrically assigned to the nodes. On the other hand,
the heat flow resistances are assigned to the segments connecting adjacent nodes. This is
a very universal method of creating finite difference equations when it comes to heat
flow issues [35]. What is important, the radiative heat transport between the surfaces
of TI and AL constituting the boundaries of the air gap can be easily taken into account
by the source terms in the energy balance for the elementary volumes including these
surfaces. The heat exchange by convection within the air gap is taken into account by
increasing the air heat transfer coefficient in proportion to the Nusselt number [32,36].
During the calculation, a constant distance between the nodes was assumed as equal to
4 mm in every wall layer. Such a dense spatial division ensured high accuracy of the
conducted simulations. The length of the time step changed during the calculation and
was selected in such a way that the standard condition of convergence for the numerical
method [35] is met, and at the same time, the temperature does not change by more than
0.1 °C between individual steps in any node. The calculations were made for the whole
heating season (from October to April) for SWs with TI oriented south and located in four
different places in Europe: Stockholm (Sweden), Warsaw (Poland), Paris (France), and
Rome (Italy).

The purpose of the simulations presented in this work was to select the right AL
material and thickness as well as TI thickness for different climatic conditions in Europe.
For each location, the calculations were carried out for the AL thermal diffusivity ranging
from 4.32 x 1077 m?/s to 8.43 x 10~ m?/s (every twentieth of the range), the AL thickness
changing from 10 cm to 50 cm (every twentieth of the range), and for three different TI
thicknesses (48, 88, and 128 mm). As a result of the calculations, the energy balance of
the analyzed SWs was obtained in individual months of the heating period and in the
entire heating period, as well as the time when the SW5s act as a heat source in the room.
Moreover, the time, in which the temperature resistance (140 °C) of the TI is exceeded,
was also determined. On this basis, the authors proposed solutions of SWs with the optimal
AL parameters and TI thickness for each of the analyzed locations.

The original elements of the work include contour graphs obtained through the
performed simulations, allowing to estimate, for the considered SWs, the value of the
thermal balance, the length of the heating time, and the average temperature wave time
lag depending on the thickness and thermal diffusivity of the applied AL with the TT of
different thickness for 4 locations in Europe. The original element of the conducted analyzes
is also the selection of AL parameters, due to the temperature conditions in which the TI
under consideration can operate safely. This is an important aspect of the discussed issue,
often overlooked in the works in the discussed field.

The objective of this study is overcoming at least some of the barriers to the widespread
use of TIs and making it easier for designers to construct optimal SWs for the different
climate patterns and different building materials available in particular European regions.

2. Materials and Methods
2.1. Solar Wall

Within the study, SWs equipped with TI in the form of honeycomb (TIMax CA) are
analyzed. The insulation is made of modified cellulose acetate with a density of 16 kg/m?
and placed between two 4 mm thick panes. This material shows resistance to effects of
long-lasting temperature of 100 °C and short-term resistance to temperature of 140 °C [37].
If a duration of short-term thermal resistance is prolonged, the honeycomb becomes brittle.
However, if the insulation is not mechanically loaded, the honeycomb retains its structure
and thermal insulation properties [38].
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The literature on the subject includes studies on the influence of temperature, hu-
midity, and solar radiation on the functional properties of modified cellulose acetate film
and TI structures made of it [39,40]. In the work [39], the films were aged in an aging
chamber where they were artificially weathered, i.e., they were exposed to the action of
UV radiation, and hot and humid air (temperature 65 °C, relative humidity 80%). Addi-
tionally, the samples were subjected to thermal aging only in hot air at the temperatures
of 80 °C and 120 °C. On the basis of the obtained results, the authors concluded that as a
result of artificial weathering, the thermal conductivity of the TI structure with rectangular
cells and a thickness of 10 cm decreased by 1.3%, while the solar radiation transmittance
decreased by 12.9%. The changes in the transmittance were associated with an increase in
light scattering and yellowing of the film. The authors found that, unlike artificial weather-
ing, the action of hot air only does not have a significant effect on the transparency of the
film. In the work [40], the TI structures from modified cellulose acetate were investigated
in terms of their applicability in solar collectors. The tests were carried out in laboratory
conditions, subjecting the samples to high temperatures and UV radiation. The authors
found that after 450 h of aging at 140 °C, the optical performance of TI had decreased by
approximately 3%. Additionally, it was shown that the combined effect of UV radiation
and high temperature may cause yellowing and deterioration of the optical properties of
TI even at temperatures below 100 °C (i.e., below the permissible operating temperature
declared by the manufacturer). However, as there are no studies available to the authors of
this study on the behavior of TI from cellulose acetate in natural conditions, it was assumed
preliminary in the simulations that the performance parameters of the analyzed TI remain
constant throughout the life cycle of the building.

Dust on the outer surfaces of TI may also be a factor influencing the SWs’ efficiency in
heat collecting. Although the authors did not reach the research on this problem regarding
exactly TI, the literature on the subject contains articles on the impact of dust deposition
on the efficiency of other solar installations [41,42]. It was shown in the work [41] that the
predicted thermal efficiency of the collector with an inclination angle of up to 45° decreases
from 10.7% to 21.0% in the case of strong dust deposition, while the optical efficiency of the
collector decreases by 8.39% compared to the case of a collector with a clean cover surface.
However, since the amount of dust deposited decreases with the inclination angle of the
surface [42], it can be expected that dust will have a smaller effect on the efficiency of the
vertical TT than on the solar collector described above. Nevertheless, in order to maintain
their original efficiency, TI surfaces should be cleaned regularly (before the start of the
heating season and, if necessary, also during the season). It also seems reasonable to cover
the outer surface of TI with a self-cleaning coating by the manufacturer.

The calculations were carried out for three variants of insulation thickness, namely I1; = 48,
88, and 128 mm. The coefficients of solar radiation energy permeability, Tr;, and heat
transfer of the whole set, Ury, and the effective thermal conductivity of the cellulose acetate
panel itself, A, for the insulation of individual thickness values are presented in Table 1
(DQ stands for dimensionless quantity). The values of the effective thermal conductivity
coefficient of the TI material were determined on the basis of the specified values Uty of
the whole set, assuming that the A coefficient for the glazing is 1.0 W/ (m-K).

Table 1. Properties of transparent insulation (on the basis of data from [37]).

Insulation Thickness (mm) The 11 Factor of the Whole The Uy Coefficient of the The A Coefficient of the
Set DQ Whole Set (W/(m?-K)) Honeycomb Panel (W/(m-K))
48 0.63 1.5 0.061
88 0.59 1.0 0.081
128 0.53 0.6 0.072

It is assumed that there is a 2 cm thick non-ventilated air gap in the SW going inwards
behind TI and before the AL and an absorber in the form of a black paint layer with a
solar absorption coefficient of 0.94 on the AL surface from the side of air gap. The inner
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surface of the wall is finished with 1.2 cm thick cement-lime plaster. It is also assumed that
the thermal diffusivity coefficient of the AL, ar, can take values from 4.32 x 107 m2/s to
8.43 x 1077 m? /s, which corresponds to the most commonly used construction materials
for such layers (cellular concrete (CC), solid ceramic brick (SCB), sand-lime block (SLB),
ordinary concrete (OC)), while the thickness of the AL, [, is in the range from 10 cm to
50 cm. The layout of the wall’s layers is illustrated in Figure 1.

Transparent insulation
Iti =48 mm, 88 mm, and 128 mm

—
S o«
9 3
e a
5 z
O [ J [ _

Cellulose acetate
Black surface

with honeycomb structure

thk.: 40 mm, 80 mm, and 120 mm

thk.: 100—500 mm ———e

Glazing, thk.: 4 mm
ar = 4.32x107—8.43x107 m?/s

Glazing, thk.: 4 mm
Accumulating layer

Cement-lime plaster, thk.: 12 mm —f——e

Non-ventilated air gap, thk.: 20 mm

Figure 1. Layout of layers in the analyzed SWs with transparent insulation.

In order to protect a building against overheating, it is designed that the TI layer is
equipped with rolling shutters which are lowered in spring and summer (from May to
September) in all considered cases. In the case of the SW solution analyzed, the roller
shutters should be mounted on the outer surface of the wall. They can be lowered manually
or automatically controlled. Leaving the roller shutters raised in the summer, especially
in areas with high insolation (e.g., in Rome), may result in exceeding the temperature of
140 °C for several hours in the insulation material, which, in a repeated situation, may lead
to yellowing or even beginning of a melting process of TI [40], i.e., to lowering significantly
its optical properties and thermal efficiency.

2.2. Climatic Data

The thermal performance of SWs equipped with TI is determined by climatic condi-
tions in which they operate, as well as by a location and construction factors (wall orienta-
tion, shading, type of insulation, accumulating layer material, type of air gap). The climatic
conditions are characterized in this issue by such values as solar irradiance, ambient air
temperature, and speed of wind.

The solar irradiance, its distribution over time and its availability is essential to assess
the effectiveness of SWs. In Europe, the average annual amount of solar radiation falling
on the horizontal plane varies considerably depending on the location and usually ranges
between 700-1800 kWh/m?. Annual insolation of less than 700 kWh/m? is found in
regions such as northern Sweden and Finland or Scotland, while insolation of more than
1800 kWh/m? can be observed in southern Spain and Portugal [43]. Of course, the highest
level of solar irradiance on the ground occurs statistically in June or July and the lowest
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one in December. In the period from October to March, only a small part of the total
annual insolation is available, usually not exceeding 30% of the total value. This part
increases as moving towards southern Europe. For example, it is about 16% for Stockholm,
21% for Warsaw, 25% for Paris, and 29% for Rome [44].

Within the study, the optimum TI thickness and AL material with optimum thermal
diffusivity was sought for an SW oriented south and located in four optional European
cities, namely Stockholm (Sweden), Warsaw (Poland), Paris (France), and Rome (Italy).
In the cities under consideration, the annual horizontal plane insolation is respectively [44]:
Stockholm—958 kWh/m?2, Warsaw—1077 kWh/m?2, Paris—1182 kWh/m?2, and Rome—
1652 kWh/m?. When selecting the places whose meteorological data were used in the
calculations, efforts were made to ensure that these cities represent the different types of
climates which can be found in Europe, and that the average annual insolation on the hori-
zontal plane at these locations is within the typical European range of 700-1800 kWh/m?.

According to Koppen's classification, the climate in Stockholm and Warsaw is of
the Dfb type, i.e., the continental climate with warm and wet summers and moderately
cold winters. However, due to the fact that Stockholm is further north, temperatures
in Stockholm are lower than in Warsaw. The climate in Paris belongs to the category
of Cfb, which is a temperate oceanic climate with mild winters and warm, humid sum-
mers, while in Rome, we are dealing with the Csa-type climate, that is, a temperate
Mediterranean climate, with mild winters and hot and dry summers. Figures 2—4 show a
comparison of the monthly mean outdoor temperature, monthly insolation of the south-
oriented vertical plane, and the monthly mean speed of wind in the individual months of
heating period (from October to April) for all analyzed cities respectively.

20 Monthly mean outdoor temperature
T T T \

=
o

[ Istockholm
| [Cwarsaw
I Paris
H Il Rome
B EIL

Months

Outdoor temperature [°C]
[4,]
T

o

Figure 2. Monthly mean outdoor temperature during the heating period (calculated on the basis of
data from [44]).
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Figure 3. Monthly solar insolation on a vertical south facing flat surface during the heating period
(calculated on the basis of data from [44]).

Monthly mean wind speed

[ IStockholm
M [ Iwarsaw
— I Paris

M M M = Il Rome

Wind speed [m/s]
S
T

X XI Xl | 1 i v

Months
Figure 4. Monthly mean wind speed during the heating period (calculated on the basis of data
from [44]).

In the paper [45], the Winter Climatic Severity Index (WCSI) and Summer Climatic
Severity Index (SCSI) were introduced to describe the nuisances of a given climate, respec-
tively in winter and summer. Depending on the WSCI values, the authors have singled
out five different climate zones marked with the letters A, B, C, D, and E, with each suc-
cessive climate characterized by a more severe winter. The SSCI values were used by the
researchers to distinguish four climate zones 1, 2, 3, and 4, with different summer nuisance,
whereby the higher the number the zone has, the hotter the summer in the zone. The values
of the discussed indicators in the case of the individual cities analyzed in this work are
respectively: Stockholm—WSCI = 2.91, SCSI = 0.01; Warsaw—WSCI = 2.38, SCSI = 0.26;
Paris—WSCI = 1.39, SCSI = 0.31; Rome—WSCI = 0.51, SCSI = 1.37. This allows the above
locations to be classified by the zones: Stockholm, Warsaw—E1, Paris—D1, Rome—on the
border of zones B3 and C4.



Energies 2021, 14, 1283

9 of 55

The meteorological data necessary to carry out computer simulations have been
downloaded for each of the locations under consideration from the European Commis-
sion’s Photovoltaic Geographical Information System [44]. These data are a set of hourly
parameters, characteristic for the climate of a given place and are called a typical meteoro-
logical year. The values used in the presented work are a sequence of hourly values: outside
temperature, solar irradiance falling on a vertical plane oriented to the south, and speed of
wind, for the whole heating period and for two months preceding the heating period (data
for August and September were used to determine the initial temperature distributions in
the walls at the beginning of October). Diagrams of this data are shown illustratively in
Figures 5 and 6 for the temperature and solar irradiance courses respectively. It is worth
noting at this point that a length of the heating season is usually different for the individual
locations: Stockholm—from mid-September to mid-May [46]; Warsaw—from September
to May; Paris—from October to April [47]; Rome—from November to mid-April [48].
However, in order to unify the calculations and increase the comparability of the results,
the same average length of the heating season—i.e., from October to April—was adopted
in this work for all the analyzed cities.

(a) Stockholm (b) Warsaw
& 20 & 20
g ) g
= o |
o b A
€ 4 i P L £ 5 Tk
5 TN 5 |
5 -10 5 -10
) o
g g
5201 X X[ Xl | 1] 1 \Y >-20r X | XI | Xl | 1l i \%
o] ]
0 50 100 150 200 0 50 100 150 200
Days Days
(c) Paris (d) Rome
20 20 M
10 10

-10

Outdoor temperature [°C]
o

Outdoor temperature [°C]
o

20 X 200 X | XXl | I v

0 50 100 150 200 0 50 100 150 200
Days Days

Figure 5. Outdoor temperature during the heating period (on the basis of data from [44]).
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Figure 6. Solar irradiance on a vertical south facing flat surface during the heating period (on the
basis of data from [44]).
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2.3. Governing Equations

Differential equations describing the non-stationary heat flow in the SW can be ob-
tained using several different methods. The numerical model can be built on the basis of
analogies to the electrical diagram [32,33] which treats the area of wall as a grid of points
with specific thermal capacities, connected to each other by segments with a given thermal
resistance (i.e., as a set of resistors and capacitors). The temperature at a given point is
the result of a balance of the heat fluxes flowing between adjacent nodes and the solar
radiation flux, and it depends on the thermal capacity attributed to the node. A numerical
SW model can also be obtained by transforming the heat equation by using finite differ-
ences and after introducing to it an additional source term related to the absorption of solar
radiation by the absorber [34]. This method is particularly convenient when the nodal
grid has a constant step, and when there are no changes in material coefficients between
the adjacent nodes. Otherwise, it leads to finite difference equations of a more complex
form [35].

A universal method of creating finite difference equations in the problems of non-
stationary heat transport is the method of elementary balances which consists in mak-
ing internal energy balances for individual finite difference elements where, in each of
them, a nodal point is also distinguished (usually in their geometric center of gravity).
The same indexes; i = 1,2, ..., n; are assigned to pairs: a given finite difference element—a
node belonging to it, where n is the number of all elements. It is assumed that the sum
of heat fluxes flowing to a given node from adjacent nodes, the external environment,
and internal heat sources contribute to the change of internal energy of the finite difference

element [35], i.e.,
dT;
ZQij‘f‘QSi‘f‘FiqSi:VicpiPiT; 1)
j

where: Q;;—heat flux (W) flowing from the j-th node to the i-th node; Qs ;—heat flux
(W) flowing to the i-th node from the ambient (it occurs only for the nodes lying on the
external boundaries of wall); g5 ,—average surface density of heat sources (W/m?) in the
i-th element; F,—surface area (m?) in the i-th element on which the heat source occurs
(F; g5 ; is equal to zero if the heat sources do not occur in the i-th element); V;—volume
(m3) of the i-th element; cp i—specific heat of the material (J/(kg-K)) in the i-th element;
pi—material density (kg/ m?) in the i-th element; Ti—temperature (K) at the i-th node;
t—time (s). If there are different materials within the i-th element, then the product ¢, ; p; is
weighted average with regard to the volume fractions of these materials in the volume V;.
The heat fluxes in Formula (1) are given as the dependencies

T.— T, AE:
j— b ijtij
;= = T. - T)), 2
Qjj R; Ax; (T - Th) 2)
Tob — T;
Qsi= %Fs i” 3)
Si

where T)—temperature (K) at i-th node; T,p—temperature (K) in the SW ambient, R;;—
thermal resistance (K/W) of the material between the i-th and j-th nodes; A;j—thermal
conductivity coefficient (W/(m-K)) of the material between the i-th and j-th nodes; Ax;;—
distance (m) between the i-th and j-th nodes; F;;—average surface area (m?) of heat flow
perpendicular to the segment connecting the i-th and j-th nodes; Rg ;,—heat transfer resis-
tance ((m?-K)/W) on the external surface of wall belonging to the i-th element; Fs ;—area
(m?) of the external surface of wall belonging to the i-th element.

In the issue under consideration, we can assume that we are dealing with a one-
dimensional heat flow, then F; = F; = Fs; = 1 m?, and V; = 1 m? -Ax;, where Ax; is the
thickness of the i-th element. This thickness is related to the distances between adjacent
nodes by the relationship
DX+ A

Ax;:
Xi >

)
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Taking into account the above, Equation (1) can be written for the i-th node in the form

AT;
Pigt

Aio,i Aiit1 Tampb — T
(T, —T;) + —~ Tii1—T;) + ———+4gg; = Ax;cyp;
Axi—l,i ( i—1 z) Axi,i+1 ( i+1 z) Rg; qs i itpi

©)

In further considerations, the thermal diffusivity coefficient ar ;; of the material be-
tween the i-th and j-th nodes is introduced

arij= ©)
Tij =

K CpiPi

and the time derivative occurring on the right side of Equation (5) is approximated with
the right-hand difference quotient. Under these assumptions, the internal energy balance

for the i-th element at the moment t; can be expressed as

b A];l’kq = Txﬁlﬁéﬁ-’i} (Ticyh—1 = Tig—1) + 7222231,{?: (Tiv1k-1— Tigk-1) )

+m(Tamb k-1~ Tig—1) + %r
where the additional index k represents the quantities for the moment f; and k — 1 for the
previous moment f;_;. In the considered issue, the thermal diffusivities ar ;_; ; and ar; ;41
are equal to thermal diffusivity of material of a given layer in the case of nodes lying inside
this layer, while in the case of nodes located at the boundary of layers, these diffusivities
have a value resulting from the averaged heat capacity ¢, ; p; assigned to the layers’
boundary nodes and depending on the properties of adjacent layers” materials. The term
gs ; occurs for the node corresponding to the position of the absorber, and it will be equal
to the source term g related to the solar irradiance.

gs i = Gsol = Xsol abs TT1 Lsol, 8)

where ay gps—coefficient of absorption of solar radiation (DQ) by the absorber, Tr—
coefficient of total permeability (transmittance) (DQ) of solar radiation through TI, I, —
solar irradiance (W/m?) falling on the external wall surface. Generally, the term gs ;
appears for the nodes on the planes that limit the air gap, due to the radiant heat exchange
between them. In this case, it is given by the expression [49]

gsi = Grad = C €ef (Tg - Tgl)/ )

where Ty, T,—temperatures (K) on the inner surfaces of the TI glass and the absorber re-
spectively, C = 5.67 x 10~8 (W/(m?-K*))—radiation constant of perfectly black body,
£.f—the equivalent emissivity (DQ) which, for two large parallel surfaces which are a short
distance apart, can be calculated from the formula

, (10)

In the above equation, £ and ¢, denote the surface emissivity (DQ) of the glass (equal
to 0.836 [50]) and the absorber emissivity (taken as 0.94) respectively. The source term
is equal to zero (gs; = 0) in other nodes what also means that the absorption of solar
radiation inside TI including its glazing is considered as negligible. Based on the results
presented in the work [34], another simplifying assumption was made that the convective
heat transfer within the air gap is of low intensity. Such an assumption allowed for a
simplified approach to the phenomenon of convection, consisting in increasing the thermal
conductivity coefficient of air in proportion to the Nusselt number of gas [32,36]. Values of
the Nusselt number for air filling the gap were determined analogously as in the study [34].
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The third term on the right-hand side of the expression (7), describing the heat ex-
change with the ambient air, will occur only in the case of nodes situated on the external
and internal surface of the SW. It was assumed in the paper that the heat transfer resistance
on the external surface of the SW, Rg ¢, depends on the wind speed [51]

1 .
Rg ext = 10156 ifw <b5m/s, (11)

1 .
RS ext — W lfw > 5m/s, (].2)

where w is the wind speed, and Rs ¢t is expressed in (m?-K)/W, while the heat transfer
resistance on the internal surface, Rs jnt, is constant and equal to 0.13 (m?2-K)/W.

At this point, it should be noted that although the assumption of one-dimensional
heat flow is commonly used in the design of the wall layers’ layout, it neglects the effect
of two-dimensional flow in the vicinity of the border of SW and disturbs the 1D model
behavior of the actual barrier. However, since Tls are usually found in buildings in
combination with traditional insulations (covering the remaining wall outer surfaces),
and the thermal conductivity coefficient of the analyzed TI is about two times higher than
the conductivity coefficient of traditional insulation, the essential transverse heat flow from
TI should not be expected towards the traditional insulation in the period when the SW
accumulates heat. On the other hand, it is obvious that within the AL at the boundary of
the SW, a noticeable heat flow will occur also in the direction parallel to the wall surface,
which will apparently increase the thermal diffusivity of the AL and increase the heat flux
reaching the room. Faster heat dissipation from the absorber surface will also result in
lowering the temperature of the TI, i.e., reducing the risk of exceeding the permissible
operating temperature. At night, however, heat from the traditionally insulated part of the
building envelope may flow towards the SW and increase its losses. Of course, the share of
the described phenomena in the entire heat balance of the SW will be the greater, the smaller
the ratio of its surface to circumference. It is also important that the effects of these two
described processes (during the day and night) will be partially canceled out. From the
above considerations, it can be concluded that the solution of the SW proposed with the use
of one-dimensional analysis in actual conditions will be characterized by a similar energy
balance to the anticipated, and at the same time, it will be safer in terms of the possibility
of exceeding the permissible operating temperature in the TI.

2.4. Verification of the Numerical Model

As a result of the discretization applied to the initial-boundary value problem, the
resulting system of Equation (7) is an explicit scheme. This scheme allows to determine
the temperature values T; at the nodal points of SW at any moment f; based on the
temperature values T;;_; from the previous moment f;_; and gives the possibility to
change the length of the time step at individual moments of the simulation depending on
the required accuracy of calculations. The advantage of this approach is the ease of writing
a computer program solving this type of initial-boundary value problem. However, this
algorithm is not unconditionally convergent and imposes certain limitations on the length
of step At = t; — t;_1 which guarantees the correctness of the results obtained.

One of such limitation results from the fact that the difference Equation (7) should be
structured in such a way that an increase in each temperature from the previous moment
T; k1 leads to an increase in the sought values of T;  at the current moment. This condition
is met if the coefficients in the Equation (7) at T; x are positive [35]. Hence, with a constant
length of the spatial step Ax; = Ax, we obtain the condition

AT i—1,ik—11T0T ii+1k—1 1
1 _ At Ti—1,ik—1 i,i+1, > 0 N
(Ax)? T cpi Pi Rs i1 | =
A (13)
X
9T i—1,ik—119T ii+1,k—1 1
Ax i Pi Rg k-1

— At < min fori=1,2,...,n.
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Condition (13) means that the limit value At is to be taken as the smallest of the values
determined for the individual nodes in the SW. In the analyzed issue, the greatest limitation
on the length of the time step resulting from relation (13) always occurred in one of the
nodes located in the air gap, i.e., in the layer with the highest thermal diffusivity values ar.

During the calculations, the length of the time step was first determined individually
for each successive step k from the condition (13). This necessity resulted from the fact
that in order to precisely determine the value of the Nusselt number, the parameters of
air in the gap were assumed as temperature functions [34]. However, the analysis of
the initial simulation results showed that satisfying the condition (13) did not guarantee
the stability of the results obtained. It was caused by the presence in the Equation (7)
of the source terms which had very high values during the intense solar irradiance. Ul-
timately, the procedure of selecting the length of the time step was based on meeting
two criteria: firstly—dependence (13); secondly—the assumption that the temperature
from step to step in any node cannot change by more than 0.1 °C. If, after performing
calculations in a given step, it turned out that the second of the above limitations is not met,
the calculations were repeated with the At half shorter, and the second condition was
checked again. The length of the time step thus selected guaranteed the convergence and
stability of the solutions.

In order to prove the correctness of the results obtained, preliminary simulations
were carried out and compared for three different spatial step lengths—i.e., Ax; equal to
4 mm, 2 mm, and 1 mm and the corresponding time step values. At the same time with
the shortening of Ax;, the second condition concerning the length of the time step was
also changed, i.e., it was assumed that the temperature from step to step in each node
may change by no more than 0.05 °C and 0.025 °C for Ax; = 2 mm and Ax; = 1 mm
respectively. These preliminary calculations were made for the climatic conditions of Rome,
where the source terms took generally the highest values. They were carried out for the
thickest analyzed transparent insulation (128 mm) and for all considered values of AL
thermal diffusivity and thickness. It turned out that when changing the spatial step from
4 mm to 2 mm, the maximum observed relative changes (related to the values from the
shorter step) were as follows: for the heat balance of the SW during the whole heating
period—1.11 x 1079, for the length of heating time—6.15 x 105, for the total time of TI
overheating above the highest permissible temperature of 140 °C—5.84 x 1075, and for the
mean time lag of the maximum temperature on the absorber and on the internal surface
of the wall—4.42 x 10~*. The corresponding relative changes for the spatial step change
from 2 mm to 1 mm were respectively: 1.06 x 107, 1.50 x 107, 4.08 x 1075,1.10 x 10~%.
The values of the relative changes between the calculation results obtained at different
lengths of spatial and time steps indicate that the differential scheme used is convergent
and that the solution converges at an accurate solution.

Since with the change in the length of the spatial step, the calculation time for one
task (computer with 64 GB of RAM, 3.6 GHz processor) was significantly extended,
i.e., from 850 s to 1230 s for Ax; = 4 mm, from 3570 s to 5730 s for Ax; = 2 mm, and from
1.41 x 10* s t0 2.52 x 10* s for Ax; = 1 mm, it was decided to perform all other calculations
with a spatial step of 4 mm.

Due to the lack of access to experimental data on the considered SWs, the authors of
the study decided to assess the correctness of the obtained results using the quasi-stationary
method of calculating heat gains through opaque building envelope with TIs proposed in
PN-EN ISO 13790: 2009 standard [31]. According to this method, the monthly solar gains
via the SW per 1 m? of the wall are calculated from the formulas

cI>sol m = Isol m &sol abs TTI u/ U, Ue = 1/(RS ext T Rp + Ra) ’ (14)

where @) ,—monthly solar heat gains (J/m?), I;,] ,—monthly solar insolation of a plane
with a given orientation (J/ m?), U—heat transfer coefficient of SW (W/(m?-K)), R—heat
transfer resistance of TI ((m?-K)/W), R,—heat transfer resistance of air gap ((m?-K)/W).
By reducing the result of Equation (14) by the amount of heat losses through the SW in
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a given month (calculated as the product of U, the temperature difference between the
internal and external environment, and period of time), we will obtain the heat balance for
the wall in the considered month. Summing up the heat balances for the individual months
of the heating period, the SW heat balance in the entire analyzed period is obtained.

The discussed calculations were performed illustratively for two locations, character-
ized by extremely different climates, i.e., for Stockholm and Rome, for the ALs made of six
different materials (CC, SCB, SLB, and OC with different densities and parameters listed in
Section 3 of the article) and three different thicknesses: 10, 30, and 50 cm. Analyzing the
obtained results, it was found that in the case of Stockholm, the seasonal thermal balances
of SWs obtained using both compared methods differ on average by: 6.8%—the SW with
48 mm TI (the differences in the range from 3.5% to 11.9%), 4.3%—the SW with 88 mm
TI (the differences ranging from 2.0% to 7.9%), and 2.6%—the SW with 128 mm TI (the
differences ranging from 1.9% to 4.9%). Larger differences were always obtained in the case
of thinner AL and lower thermal diffusivity of this layer. In the case of Rome, the differ-
ences between the seasonal thermal balances of SWs were as follows: 5.6%—the SW with
48 mm TI (the differences ranging from 3.8% to 9.0%), 4.6%—the SW with 88 mm TI (the
differences between 3.2% and 7.1%), and 3.8%—the SW with 128 mm TI (the differences in
the range from 2.8% to 5.7%). In all analyzed cases, the standard method gave a higher
value of the seasonal heat balance than the numerical method. The same relationship could
be observed in the majority of monthly balances. From the above, it can be concluded
that due to its quasi-stationary approach, the standard method slightly overestimates solar
thermal gains obtained by SWs with TI. Finally, on the basis of the conducted analyzes,
it was found that both calculation methods did not show large discrepancies, and the
numerical model proposed in the paper was considered verified.

3. Results

The program to simulate a behavior of SWs with TI was elaborated by the authors of
this work in the MATLAB environment. During the calculations, a constant distance be-
tween the spatial grid nodes was assumed within all layers of SWs, i.e.,, Ax; = Ax = 4 mm.
The spatial discretization adopted in this way ensured sufficiently good accuracy of the
results (see point 2.4) and an acceptable duration of the simulations (from 850 s to 1230 s for
one task depending on its input data). Thanks to the use of a 4 mm spatial step, it was also
possible to model the thin TI protective glass layers as homogenous and separated from the
core of TI. The length of time step changed during the calculations and was selected so that
the convergence condition (13) was met, and that the temperature from step to step did not
change by more than 0.1 °C at any spatial grid node. The individual selection of the time
step at each moment of the simulation allowed the calculation to be significantly shortened.

The simulations were performed for the SWs with southern orientation (recommended
for SWs) for four optional locations—Stockholm, Warsaw, Paris, and Rome—representing
the different climatic conditions in Europe. A wall with three different TI thickness values
(It1 =48, 88, and 128 mm) and with AL of variable thickness and thermal properties was an-
alyzed. It was assumed that the thickness of the layer, I,, can take values from 0.1 m to
0.5m (every 2 cm), while the thermal diffusivity is within the range from 4.32 x 1077 m?/s
to 8.43 x 1077 m? /s (every twentieth of the analyzed range). The adopted range of ther-
mal diffusivity variability corresponds to the values of diffusivity coefficients of the most
frequently used construction materials (CC, SCB, SLB, and OC). The temperature inside
the room is assumed to be constant and equal to 20 °C.

Due to the fact that there are the terms describing thermal capacity ¢, ; p; of AL
material for the boundary nodes of the accumulating layer in the Equation (7), it became
necessary to assign the thermal diffusivities of this layer (from the analyzed range of
variability of at ;) to the thermal capacity values, i.e., to assume the relationship ¢, ; oi(ar ;).
For this purpose, thermal parameters of typical building materials were used, commonly
used for erecting walls of buildings and having (according to the literature on the subject)
the potential to be used as an AL in SWs [52]:
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CC: p =800kg/m’, cp = 840]/ (kg K), A =029 W/(m-K) — ar =432 x 107" m?/s,
SCB: p = 1800 kg/m®, cp =880/ (kg-K), A = 077 W/(m-K) — ap = 486 x 107" m?/s,
SLB: p = 1900 kg/m®, ¢, = 880]/(kg-K), A =09 W/(m-K) — ar =538 x 107 m?/s,
OC: p = 1900 kg/m3, cp =840 J/(kg-K),A =10W/(m-K) — ar =627 x 1077 m?/s,
OC: p = 2200 kg/m®, ¢, = 8407/ (kg -K), A = 13 W/(m-K) — ar =7.03 x 107 m?/s,
OC: p = 2400 kg/m?, ¢, = 8407/ (kg -K), A = 1.7 W/(m-K) — ar =843 x 107 m?/s.
The relationship ¢, ; p;(ar ;) was adopted as in the form of a broken line, where the
thermal diffusivities with the values as for the above-mentioned materials corresponded to
the values of Cp i Pi for these materials, and between these points, the values of the thermal
capacity ¢, ; p; were determined by linear interpolation.

In the analyzed initially-boundary value problem, the temperature distribution in
the wall at the beginning of the heating season is not known in advance. In order to
get the right initial condition, the simulation for each of the considered SWs was started
from 1 August at 00:00, assuming the initial temperature distribution as for the stationary
distribution for the initial outdoor temperature and the lack of solar heat sources (the
TI covered by the rolling shutters). This simulation was carried out until 30 September
at midnight. The temperature distribution in the SW obtained for this moment was taken
as the initial condition for the calculations for the heating season, when it was started
to take into account the solar gains (the moment the insulation was exposed). From the
preliminary simulation work carried out by the authors, it appeared that the adopted form
of the initial condition affects the results of calculations corresponding to the first two
weeks of the simulation. The authors of [34] reached the same conclusion. It can therefore
be assumed that the initial condition set in this way is correct.

Finally, in case of each SW’s configuration and location, thermal calculations re-
sulted in:

AR

the heat balance per the unit area of SW in the heating period,
the heating time during which the SW acts as a source of heat in the room in the
heating period,

e the longest time when the temperature in the TI rises above 140 °C (the longest time
of TI overheating) in the heating period,

e the time lag of the maximum temperature between the absorber and SW’s internal
surface in the daily cycle during the heating period.

The SW’s heat balance for the period under consideration was calculated as the time
integral of the heat flux on the unit area of SW’s internal surface, assuming the flux flowing
inward as positive. The heating time, when the SW constitutes the source of heat in
the room, was determined as the sum of periods in which the heat flux on the internal
surface flowed inward (i.e., the wall surface temperature was higher than the assumed
internal air temperature of 20 °C). The maximum temperature time lag was calculated
as the mean time difference between the occurrence of the maximum temperature on the
absorber and the wall’s internal surface for each day in the heating season.

The obtained results allowed the authors of the work to make contour graphs showing
the dependence of the seasonal heat balance of the SW on the AL thickness and its thermal
diffusivity for each considered TI thickness and SW’s location. Analogous contour graphs
were made for the heating time, the longest overheating time above 140 °C in the TI, and the
time of the maximum temperature time lag. Examples of such diagrams concerning the SW
with 128 mm thick TI and located in Warsaw are shown in Figure 7. In addition, the graphs
show the vertical lines corresponding to the thermal diffusivity of typical construction
materials with the aforementioned parameters. The diagrams, relating to the cases of TI
with other thickness values and locations can be found in Appendix A.
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(c) Warsaw - transparent insulation thickness 128 mm
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Figure 7. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
128 mm. Location: Warsaw.

4. Discussion

The diagrams in Section 3 and Appendix A show that a proper selection of AL and TI
characteristics is closely related to SWs’ operating parameters we want to obtain, and it de-
pends strongly on the climatic conditions which they are located in. Some limitation in the
selection of AL material is also due to the temperature resistance of the TI (see Figures Ald,



Energies 2021, 14, 1283

18 of 55

A2d, A3d, A4d, A5d, A6d, A7d, A8d, A9d, A10d, Alld and A12d), i.e., the acceptable
thermal conditions under which the insulation retains its required properties.

On the basis of the diagrams shown in Figures Ala, A2a, A3a, A4a, A5a, A6a,
A7a, ABa, A9a, Al0a, Alla and Al2a we can state that the SWs heat balance obtained
during the heating season increases with the increase of thermal diffusivity of the AL and
decreases with the increase of this layer thickness. Similar conclusions were reached by
the authors of the work [24], in which it was stated that in the case of an unventilated
Trombe wall, the heat gains decrease with the increase in wall thickness. In turn, [26] shows
that the increase in thermal diffusivity of the AL reduces the primary energy demand of
a building with a glazed Trombe wall, which is tantamount to an improvement in the
seasonal heat balance of such a wall. Different conclusions were reached by the authors of
the article [27] who stated that the heat demand for heating of a building with a Trombe
wall decreases with the decrease of AL thermal diffusivity (less demand was obtained
using SCB than concrete, and the lowest demand was obtained for the AL made of CC).
The obtained results were explained by the fact that the effect of limiting heat loss by
a material with lower density (and lower thermal conductivity coefficient) outweighs
the effect of reducing solar heat gains due to higher thermal resistance. The different
conclusions presented in [27] may result from the specificity of the climate in which the
analyzed building was located (Ancona according to Koppen's classification belongs to the
climate category Cfa—humid subtropical climate), and they cannot be uncritically extended
to SWs located in regions with different meteorological data. Both in the study [26,27],
it was found that increasing the thickness of the AL improves the energy efficiency of
Trombe walls (the primary energy demand and the heat demand for heating the building
were reduced respectively), which was explained by the increase in the thermal resistance
of the system. Since both of these articles analyzed the traditional Trombe glazed walls,
this conclusion shows the different behavior of SWs equipped with a glass pane or TL

When designing an SW, apart from its thermal balance, other parameters must also be
taken into account. The time, during which it acts as a heat source in a given climate, is a
very important parameter. As shown in Figures Alb, A2b, A3b, A4b, A5b, A6b, A7b, A8b,
A9, A10b, Allb and A12b, this heating time for ay € (4.32 x 1077,4.86 x 10~7) m?/s
increases slightly as the AL thermal diffusivity increases, and it remains approximately
constant for ar € (4.86 x 1077,8.43 x 10’7) m?2/s. On the other hand, it lengthens signifi-
cantly with increasing the layer thickness. Therefore, in this case, we observe the opposite
upward trend than in the case of variability of the thermal balance of the wall—i.e., by
increasing the thickness—the thermal balance of the SW is deteriorated, while the time of
heating the room by the SW is extended.

As mentioned earlier, from the point of view of the heat balance, it would be most prefer-
ably to make a thin AL from a material with high thermal diffusivity. However, then the heat
would reach the room so quickly that practically, we would have direct gains, and regard-
less of the considered climate, the time of the maximum temperature lag, when transferring
heat through the wall, would be less than one hour (Figures Alc, A2¢, A3c, Adc, Abc,
Abc, A7c, A8c, A9¢c, Al0c, Allc and Al2c). As it is known, the direct gains cause large
temperature fluctuations in rooms, and usually occur at this time of day when they are
not most desirable. The idea behind the SWs is to shift the solar heat gains in buildings to
the afternoon and evening hours and to spread them over time. According to the authors,
the associated minimum time lag of maximum temperature between the absorber and the
wall’s internal surface should be between 4 and 5 h depending on the location, which cor-
responds to the occurrence of maximum solar heat gains in the rooms after 5 to 6 h from
the moment the sun passes through the zenith (the maximum temperature on the absorber
on a cloudless sunny day usually occurs around one hour after solar noon). For this reason,
the authors proposes that the AL optimum thickness should varies between 25 cm and
35 cm depending on the material used. This minimum time of the temperature wave lag
was proposed in such a way that at the turn of January and February, the maximum heat
gains in the room occur one hour after sunset, hence the time for Stockholm is about 4 h,
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for Warsaw 4.5 h, for Paris 4.7 h, and for Rome 5 h. It is worth noting at this point that
the contour graphs of average temperature time lag are very similar for different locations
and different insulation thickness values. Thus, as might be expected, the influence of the
weather conditions in the climates under consideration is of secondary importance for this
SW characteristic.

In the case of the analyzed TI, an important criterion for the selection of AL parameters
is to avoid the possibility of overheating the insulation above 140 °C, which is its short-term
thermal resistance. This condition imposes particularly a certain limitation on the lower
range of possible AL construction materials thermal diffusivity, while the lower acceptable
thermal diffusivity values, in the case of which overheating the insulation has not yet
occurred, are slightly larger for thicker insulations (Figures Ald, A2d, A3d, A4d, A5d, A6d,
A7d, A8d, A9d, A10d, A1ld and A12d). It is worth paying attention to the fact that in the
case of all analyzed locations and all thicknesses of TI, the use of CC as AL would cause the
TI to overheat. It is also interesting to note that the range of useless thermal diffusivity and
AL thickness values is similar in Stockholm and in Rome, even though Stockholm'’s climate
is colder than that of Rome. This is due to the specific insolation conditions in Stockholm
(Figure 3) where there is a very high intensity of solar irradiance on vertical surfaces with
southern orientation in the months of March and April.

As it results from the above considerations, the proper selection of AL parameters
and TI thickness is a complicated task and depends to a large extent on the specific climate
in which the SW will be used. In order to facilitate this process, the authors of this study
prepared graphs (Figures 8-11) of the variability of the room heating time in function of
the SW’s heat balance depending on the selected most important AL features. On these
nomograms, the thick black lines correspond to different AL thickness values (I, = 12,
25, 38, and 50 cm), the thin blue lines correspond to the individual materials specified in
Section 3, the grey thick lines correspond to different maximum temperature time lags (3,
5, and 7 h), while on the left side of the red dashed line there are solutions that are not
acceptable due to overheating the TL
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Figure 8. Relationship between the heating time and heat balance for the AL depending on its selected most important
features. TI thickness: (a) 48 mm, (b) 88 mm, (c) 128 mm. Location: Stockholm.
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Figure 9. Relationship between the heating time and heat balance for the AL depending on its selected most important
features. TI thickness: (a) 48 mm, (b) 88 mm, (c) 128 mm. Location: Warsaw.
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Figure 10. Relationship between the heating time and heat balance for the AL depending on its selected most important

features. TI thickness: (a) 48 mm, (b) 88 mm, (c) 128 mm. Location: Paris.
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Figure 11. Relationship between the heating time and heat balance for the AL depending on its selected most important

features. TI thickness: (a) 48 mm, (b) 88 mm, (c) 128 mm. Location: Rome.

On the basis of the above nomograms and based on the previous considerations,
the authors proposed the following SW structural solutions for the individual locations:

e  Stockholm: TI—thickness 128 mm; AL—wall made of SLBs, thickness 25 cm; heat bal-
ance ~475 MJ/m?; heating time ~135 days; maximum temperature time lag ~4.1 h,

e  Warsaw: TI—thickness 128 mm; AL—wall made of SLBs, thickness 27 cm; heat balance
~470 MJ /m?; heating time ~189 days; maximum temperature time lag ~4.6 h,

e  Paris: TI—thickness 88 mm; AL—wall made of SCBs, thickness 27 cm; heat balance
~600 MJ /m?; heating time ~197 days; maximum temperature time lag ~4.7 h,

e Rome: TI—thickness 48 mm; AL—wall made of SCBs, thickness 29 cm; heat balance

~840 MJ /m?; heating time ~211 days; maximum temperature time lag ~5.0 h.

When selecting the AL parameters for three different TI thickness values (48, 88,
and 128 mm), the following principles were followed:

1. Adopting the lightest possible AL material for which the criterion of not exceeding
140 °C in the TI is met;

Adopting the smallest possible AL thickness for which the assumed maximum tem-
perature time lag is met.

For this reason, the material thickness values adopted are theoretical ones which
may not correspond to the actual dimensions of the masonry elements available on the
market in a given region. The estimated values of AL parameters were read on the
basis of the nomograms presented in Figures 8-11, and then the thickness of the AL was
specified using Figures Alc, A2¢c, A3c, Adc, ASc, Abc, A7¢c, A8c, A9¢c, Al0c, Allc and Al2c.
When selecting the AL parameters, the following principle was also followed: not to use
the solutions that are too close to the area on the nomograms where there is a risk of
excessive temperature increase in the TI (i.e., that are too close to the red dashed line).
In the case of Warsaw, the above rules were slightly changed, and it was decided (due to
relatively low temperatures in Warsaw in January) to use SLBs in order to increase the
heat gains in the building. Of course, the designer, depending on the technology used for
erecting a building, the preferred time lag of temperature wave in a SW, and the required
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heat balance of a SW, may propose other wall material and geometric solutions for the
individual locations based on the diagrams presented in this work.

A comparison of monthly heat balances and heating times for the SWs are presented
respectively in Figures 12 and 13 in the case of AL parameters and materials proposed
for the considered locations. As in the case of SW with TI, there is a risk of excessively
high temperatures on the internal surface of the wall, and Figure 14 presents addition-
ally the minimum, mean, and maximum temperature of the SW internal surface in the
individual months of heating period for all considered locations. On the other hand,
Figure 15 presents a verifying comparison of monthly balances for Stockholm and Rome,
calculated numerically and using the quasi-stationary standard method [31].

Monthly heat balance
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Figure 12. Comparison of monthly heat balances for the SWs with the TI thickness and AL parameters
and materials proposed for the considered locations.
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Figure 13. Comparison of monthly heating times for the SWs with the TI thickness and AL parameters
and materials proposed for the considered locations.



Energies 2021, 14, 1283

27 of 55

'S
o

Monthly minimum, mean, and maximum temperatures on the wall inner surface
T T T T

Temperature [°C]
it - N N w w H
o [4,] o (4] o (3] o
T T T T T T T

o
T

o

Xl Xl | I 1l v
Months

[___]Stockholm: IT|=128 mm; la=25 cm; SLB: min. temp., [ Paris: /T|=88 mm; Ia=27 cm; SCB: min. temp.,

[ Imean temp., [ mean temp.,

[ Imax. temp. [ max. temp.

[:]Warsaw:l.”=128 mm; la=27 cm; SLB: min. temp., I Rome: I.I.|=48 mm; Ia=29 cm; SCB: min. temp.,
[ Imean temp., I mean temp.,

[ Imax. temp. I rax. temp.

Figure 14. Monthly minimum, mean, and maximum temperature of the SWs’ internal surface in the case of TI thickness
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Figure 15. Comparison of monthly heat balances of the SWs located in Stockholm and Rome, calculated numerically and

using the standard method according to [31] in the case of locations in Stockholm and Rome.

As shown in Figure 12, the SWs with proper AL parameters and TI thickness show a
positive heat balance in almost all months of the heating period regardless of their location.
The only exception to this is the wall located in Stockholm during December and January.
However, regardless of the fact that the heat balance of the SW operating in Stockholm
during these months is negative, there are also periods when it constitutes a heat source in
the room as shown in Figure 13 (in December the total heating time is about 4 days, and in
January—over 10 days). Figure 13 also shows that the SW located in Rome will heat up the
room for practically the entire heating season (211 days out of 212 days of the heating sea-
son). In the case of this wall, in the seasonal climate transition periods, it may be advisable
to temporarily lower the TI rolling shutters due to excessive heat gains, especially on days
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with high insolation in October and April. Also for the SW located in Paris, the time during
which it acts as a heat source is quite long (93% of the heating period), but the heat gains
obtained by this wall are usually much lower than in the case of the SW located in Rome.
The heating time of the SW located in Warsaw is comparable to the heating time of the SW
operating in Paris (89% of the heating season); however, heat gains obtained by this wall
are about 22% lower than in the case of the SW in Paris. The SW located in Stockholm has
the shortest heating time (64% of the heating period), but its heat balance is slightly higher
than that of the SW in Warsaw. It can be concluded that SWs in buildings located in the
north of Europe will perform their function well, especially during the seasonal climate
transition periods (autumn, spring). SWs with TI located in the central regions of Europe
will also heat rooms in winter, but their heat gains will not be too high. In contrast, SWs
located in southern Europe can perform their function for the entire heating period.
Based on Figure 14, it can be concluded that the mean monthly temperature of the
internal surface of the SWs in all locations does not usually exceed 26 °C. The months:
March (28 °C) and April (28.3 °C) in Stockholm; April (26.2 °C) in Warsaw; April (27.6 °C)
in Paris; and October (27.5 °C), January (27 °C), and April (26.2 °C) in Rome are here
the exceptions. Since the approximate perceived temperature can be calculated as the
arithmetic mean of the air temperature in the room (20 °C) and the radiant temperature
of wall, it can be concluded that in the vicinity of the designed SW, the thermal conditions
will be close to the conditions of thermal comfort which range from 20 °C to 25 °C in
the heating period, while it ranges from 23 °C to 26 °C in summer [53]. Although the
temperature on the internal surface of the walls may temporarily increase in the analyzed
cases up to 41.3 °C (the SW located in Stockholm in March), it is still the one not exceeding
the temperature range acceptable for use in water wall radiators (from 35 °C to 45 °C).

5. Conclusions

The paper presents a numerical model of an SW with TI based on differential equations
of the problem formulated on the basis of elementary balances. Using the adopted model,
the behavior of SWs was simulated for different climatic conditions in Europe, represented
by cities such as Stockholm, Warsaw, Paris, and Rome. For each location, the calcula-
tions were carried out for different AL parameters: thermal diffusivity varying from
4.32 x 1077 m?/s to 8.43 x 107 m?/s (every 20th of the analyzed range) and thickness
varying from 0.1 m to 0.5 m (every 2 cm), and for three different TI thickness values (48, 88,
and 128 mm). The SW contains thermal insulation made of modified cellulose acetate in
honeycomb form (TIMax CA). The results of the calculations allowed the authors of the
article to draw the following conclusions:

1.  The heat gains of the SW obtained during the heating season increase as the heat
diffusivity of the AL increases and decrease as the thickness of this layer increases.

2. The time, when the SW acts as a heat source in a room, depends strongly on the
thickness of the AL and increases with this thickness. On the other hand, thermal dif-
fusivity has no significant influence on the length of heating time for the considered
building materials. For ar € (4.32 x 1077,4.86 x 10’7) m?/s, this time increases
slightly with increasing AL thermal diffusivity, and it remains approximately constant
forar € (4.86 x 1077,8.43 x 10~7) m?/s.

3. The time lag of the maximum temperature on the absorber and the internal surface of
the SW increases in general as the thickness of the AL increases in its analyzed range.
On the other hand, it slightly increases with the increase of AL thermal diffusivity for
ar € (432 x1077,4.86 x 1077) m?/s, and then it starts slightly decreasing with ar.
The dependence of the maximum temperature time lag on the diffusivity and thick-
ness of the AL is very similar for all analyzed locations and TI thickness values, and as
might be expected, the influence of the analyzed climate conditions is of secondary
importance for this SW characteristic.

4. The values of the optimal AL parameters change with the meteorological conditions
of the given region, with the insolation on the wall surface being the decisive factor.
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5. The decisive factors, which have the greatest influence on the selection of the AL pa-
rameters, apart from the climatic conditions, are the desired time lag of temperature
wave and the possibility of exceeding the permissible operating temperature in the
TI material.

6.  Under the analyzed conditions, the proposed AL thickness values are in the range
from 25 cm to 29 cm, while the thermal diffusivity values of the AL materials range
from 4.86 x 1077 m2/s (SCB) to 5.38 x 10~7 m?2/s (SLB), whereas in warmer cli-
mates, materials with lower thermal diffusivity can be used. CC is not proposed by
the authors to construct the AL in any climate due to the danger of exceeding the
temperature resistance (140 °C) of the TI.

7. In the case of the Dfb continental climates (Stockholm, Warsaw) with relatively low
insolation (less than 1100 kWh/ mz), a 128 mm TI thickness becomes necessary to
obtain a higher heat balance of the SW. In the case of the temperate oceanic climate
Ctb (Paris), 88 mm thick insulation is sufficient, while in the temperate Mediterranean
climate Csa (Rome), 48 mm thick insulation is sufficient.
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b) Stockholm - transparent insulation thickness 48 mm
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d) Stockholm - transparent insulation thickness 48 mm
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Figure Al. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
48 mm. Location: Stockholm.
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b) Stockholm - transparent insulation thickness 88 mm
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d) Stockholm - transparent insulation thickness 88 mm
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Figure A2. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI TI thickness:
88 mm. Location: Stockholm.
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b) Stockholm - transparent insulation thickness 128 mm
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d) Stockholm - transparent insulation thickness 128 mm
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Figure A3. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
128 mm. Location: Stockholm.
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b) Warsaw - transparent insulation thickness 48 mm

Heating time [days]
0.5 7T T T ‘

045 1
E | z 163 — e
2 IR e ey 163
$035) & 22 2
£ 5 s 8 g
= 1 15551 § g
t % 5 bl T N i
S il % o SEEEE BL pu 155—5
@O : Q Q ad © (& Q
= (5] %] @ (=] o]

g % 148
= g4 W s S5
T o25] NI 2l 0
= ’,
= b/
s B AR T
g 0.2 T 10— 1
R | SR 1
015 i e — ) e | i e
L 77y 118 e
e ——— AL
0.1 -2 . ) N w3 S B
45 5 5.5 6 6.5 7 7.5 8 85
Accumulating layer thermal diffusivity [m2fs] x107
c) Warsaw - transparent insulation thickness 48 mm
Mean time lag of maximum temperature [h]
05 T T / T T g T T T
|t AQ | —T 8|

045 9 a4 o

S o4 \\fs//Tf/ 677 |
w ) L) ¥
2 - e
2 e g2—2 g
L o = 1
5035 2 PEEE—_c=ansh am- 55
= = =] o
R e i BB 1o R |
[} 5 m o 57 s i
> 03¢ o i / gl o
& et o e S =
O [ESS=RE
= /—4'
= L 1
Zo2s EENERINEE e
ST S
Sineasmgzene o
g 02F P~ 4 ,
SRS S o
e e Ea
015 | P~ y
B R S 6
01 L L 1 1 1 '\I T L L L
4.5 5 5.5 6 6.5 i 7.5 8 8.5
Accumulating layer thermal diffusivity [mzls] %107

(c)

Figure A4. Cont.



Energies 2021, 14, 1283

37 of 55

d) Warsaw - transparent insulation thickness 48 mm
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Figure A4. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI TI thickness:
48 mm. Location: Warsaw.
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Figure A5. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW'’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
88 mm. Location: Warsaw.
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Figure A6. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s

internal surface during the day, (d) the longest overheating time above 140 °C in the TI TI thickness:
128 mm. Location: Warsaw.

a) Paris - transparent insulation thickness 48 mm

Heat balance [MJ/m?]
0.5 e ‘ ‘ T T .
/ =
0.45 - w 4
A v
o | g8 4
£ 04p 3 A |
= 0.4 o - - -
@ - N E & E
@ E B 5
g 2 é/§% s
% 0.35 % o S 5 /(%/ N
= R o A Y
5 o 8 G G| g A 5
2 g3k @ b7 s} B 5} o |
E
& = /
o |56
W 025 g
=1
= g .
) L =) [ |
g o2 3 s
A / @50
015 (@& e 1
L) o //
©
o A e T P e e e ]
45 5 5.5 6 6.5 7 7.5 8 8.5
Accumulating layer thermal diffusivity [m2ls] %107

Figure A7. Cont.

(a)



Energies 2021, 14, 1283

42 of 55

b) Paris - transparent insulation thickness 48 mm
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Figure A7. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
48 mm. Location: Paris.
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b) Paris - transparent insulation thickness 88 mm
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d) Paris - transparent insulation thickness 88 mm
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Figure A8. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:

88 mm. Location: Paris.
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Figure A9. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
128 mm. Location: Paris.
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b) Rome - transparent insulation thickness 48 mm
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d) Rome - transparent insulation thickness 48 mm
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Figure A10. Contour graphs characterizing the SW basic parameters in a function of AL thermal

diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TL TI thickness:
48 mm. Location: Rome.
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b) Rome - transparent insulation thickness 88 mm
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d) Rome - transparent insulation thickness 88 mm

The longest overheating time above 140°C [h]

05 r\ T
o]

0.45 jia .
E o4t e i
1] i E & E
@ £ 3 @ B
<] =] ac 2 ul
c . o o =}
503518 8 g 2l
= [ i i [y
b % i o - 5 5
8 4l 8 8 2 g g |
)
£ 2
® 0.25 o B
3
E
=
8 0.2Ff |
<

015 b

01 Il Il Il Il Il 1 1 1 Il

4.5 5 5.5 6 6.5 7 7.5 8 8.5
Accumulating layer thermal diffusivity [mzls] 107
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Figure Al1l. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
88 mm. Location: Rome.
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b) Rome - transparent insulation thickness 128 mm
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d) Rome - transparent insulation thickness 128 mm
The longest overheating time above 140°C [h]
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Figure A12. Contour graphs characterizing the SW basic parameters in a function of AL thermal
diffusivity and thickness for the whole heating season: (a) the heat balance of the SW’s unit area,
(b) the heating time, (c) the mean time lag of the maximum temperature on the absorber and SW’s
internal surface during the day, (d) the longest overheating time above 140 °C in the TI. TI thickness:
128 mm. Location: Rome.
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