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Abstract: Glazing elements are an important part of the thermal envelope of a building. Therefore,
good thermal performance of glazing elements can improve indoor comfort and reduce annual
maintenance costs and CO; (carbon dioxide) emissions by reducing heat loss. Reducing heat loss
through glazing elements during the heating season can be achieved by combining low thermal trans-
mittance with high solar heat gain. Using standardized calculation methods and measured climate
data for three Slovenian locations representing typical continental, mountainous and Mediterranean
climates, this study predicts the best combination of optical properties (emissivity, transmittance
and reflectance) of glass panes in double and triple glazing systems that contribute to minimal heat
loss. It was found that for the double glazing system, the minimum heating and cooling demand
for buildings with low solar gains or high solar gains and applied shading is achieved by an inner
pane with high transmittance without low-emissivity coating, and an outer pane with low-emissivity
coating with minimum possible emissivity. In Maribor and PortoroZ climatic zones, the panes with
low emissivity coating should be used as inner panes in buildings with high solar gains. For triple
glazing, the minimum heating and cooling requirements are achieved with two or three panes with
low emissivity. For buildings with low solar gains, an emissivity of the coating of 0.03 is preferable,
but for buildings with high solar gains, lower emissivity values should be used.

Keywords: heating demand; cooling demand; thermal transmittance; solar heat gain; double glazing;
triple glazing; transmittance; low emissivity coating; Slovenian climate conditions

1. Introduction

Windows represent an important element of the building envelope, providing daylight,
views of the external environment, and natural ventilation [1]. As these factors play an
important role in indoor comfort [2-4], glass elements are becoming increasingly important,
leading to the development of buildings with large areas of the building envelope covered
with glass elements, such as glass buildings [5] and buildings with double-skin facades [6,7].
Since building energy consumption is responsible for 20% to 40% of CO; emissions [8],
efforts to reduce heat loss through glazing systems are of great importance. Indeed, a
poorly insulated fenestration system can significantly increase the heat loss of a building.
On the other hand, transparent surfaces such as glazing can allow the building to gain
additional heat through the greenhouse effect.

The thermal performance of insulating glazing is determined by the heat transfer
coefficient (U) and the total solar transmittance (g). The heat transfer coefficient indicates
the ability of the glazing to reduce heat loss. On the other hand, total solar transmittance
indicates the ability of the glazing to trap solar energy. Since heat always flows from a
higher temperature to a lower temperature, it is recommended to keep the heat transfer
coefficient as low as possible, regardless of the geographical location of the building, the
orientation of the glazing and the time of year. On the other hand, incident solar radiation
always heats the interior of the building. Consequently, a high total solar transmittance
reduces heat loss in cold climates, but can lead to overheating in hot climates. In well-
insulated buildings with a large window area, a high total solar transmittance can also
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lead to overheating in cold climates [9]. Consequently, the best combination of total solar
transmittance and heat transfer coefficient depends on various factors such as geographical
location, climate and orientation of fenestration.

The total solar transmittance and heat transfer coefficient depend on the characteristics
of the glazing, such as the number of glass panes, the gas used in the gaps, and the
properties of the glass panes and glass coatings. Double and triple glazing are most
commonly used for building fenestration. However, in systems such as double skin
facades, a combination of single panes and/or standard insulating glass is used, resulting
in effective quadruple or even multiple glazing to achieve a lower heat transfer coefficient.
The gaps between the glass panes are often filled with argon or krypton to reduce heat
loss by convection. Additional energy savings can be achieved by using partitions in
the gap space and by partially evacuating the gas [10]. Glass surfaces can be tinted to
change the color and optical properties of a glass. Various coatings can be applied to glass
panes, including static coating types with different combinations of emissive, reflective, and
transmissive properties (reflective, low-emissivity, solar control, or self-cleaning coatings)
or dynamic coating types that change their properties in response to external stimuli, such
as electrochromic, thermochromic, or gas-chromic coatings [9,11].

Research by Sbar et al. [12] on dynamic coating types show that electrochromic
coatings can significantly reduce energy consumption. In addition, research by Dussault
et al. and Taveres et al. [13,14] show that dynamic coating types provide the best results
when cooling is required [13,14]. According to Aldawoud et al. and Jamroznik et al. [15,16],
dynamic coatings are more effective in energy savings than various other shading elements.

Studies by Papaefthimiou et al., Linag et al., Saeli et al., Allen et al. and Hoffmann
et al. [17-21] show that thermocromic coatings are best suited for hot climates. The study
by Saeli et al. shows that coatings with low transition temperature are more suitable for
fenestration [19]. However, the study by Liang et al. shows that this may not be the case
when thermochromic coatings are used in cold climates as they can significantly reduce
solar gain [18]. The combined use of electrochromic and thermochromic coatings was
investigated by Detsi et al. [1]. It was shown that the combination of both coatings in
triple-glazed windows can lead to energy savings in both hot and cold climates.

Low-emissivity coatings can significantly reduce the heat transfer coefficient of glazing.
Their optical properties are such that they have low emissivity in the infrared range, reduc-
ing heat transfer by radiation at long wavelengths. On the other hand, they can have higher
or lower transmittance for short wavelengths, resulting in glass panes with high, medium
or low total solar transmittance [9,22,23]. There are two basic types of low-emissivity
coatings: sputtered or soft coatings and pyrolytic or hard coatings. Sputtered coatings are
thinner, have lower emissivity, but are not durable in the presence of moisture and contact.
Therefore, they must be sealed within a double or triple glazing. Hard coatings, on the
other hand, have higher emissivity, are thicker, but more durable. Low-emissivity coatings
and their application in different climates have been studied by Aguilar et al., Liet al.,
Kumar et al., and Laouuadu et al. [24-27]. The study by Kumar et al. [26] showed that the
gray reflective glass has the highest cost savings in annual net cooling and heating for all
orientations across three climatic regions in India. The study by Aguilar et al. [24] showed
that for Mexican climate, the combination of clear glass and reflective glass provided the
highest energy benefits. The study by Li et al. [25] showed that the use of coatings in
the climate of Hong Kong can lead to energy savings and that the best results are ob-
tained when the coatings are applied to clear glass rather than tinted glass. The study of
Laouadi et al. showed than in winter period in Canada, energy can be saved by using the
low-emissivity coatings.

In this paper, we will investigate the energy efficiency of double and triple glazing with
argon gas filling between the panes. Different combinations of glazing panes with different
emissivity values will be analyzed in order to find the optimal combination of total solar
transmittance and heat transfer coefficient in three different geographical locations in Slovenia
with three different climatic conditions: Maribor, Kredarica and Portoroz. Maribor is located
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in the north-eastern part of Slovenia at an altitude of about 260 m and has continental climate.
Kredarica is located in the northwestern part of Slovenia at an altitude of about 2500 m and
is the highest meteorological station in Slovenia with a typical mountain climate. Portoroz
is located in the southern part of Slovenia on the Mediterranean Sea at an altitude of about
30 m and has typical Mediterranean climate. Slovenian climate cones have lower average
temperatures compared to India and Hong Kong, but higher than in Canada, so the results
of previous mentioned studies cannot be directly applied to Slovenian climate conditions.
Double and triple glazing with argon gas filling were chosen for the study, as these types of
glazing are the most widely used in Slovenia. The extensive database of glass panes available
on the European market is used for the analysis. The database includes about 1000 different
glass panes with different thicknesses, tints and static coatings. The energy efficiency of the
glazing units is evaluated for eight orientation settings at each of the three sites to determine
the most energy efficient combination of glass panes.

Section 2 describes the method used to calculate annual heating and cooling energy
requirements for glazing units. In Section 3 we give an overview of the optical properties
of the window panes available on the European market. In Section 4 the results are given
and discussed, while the conclusions are given in Section 5.

2. Methodology

Glazing systems are compared based on their annual heating and cooling energy
demand per square meter of glazing. The calculation of annual heating and cooling
demand of glazing is based on the standardized method for fenestration systems described
in [28], with some simplifications. Since only glazing systems are compared to find the
optimal pane composition, the effects of window frames, thermal bridges and ventilation
are not considered. Indeed, these effects affect all glazing systems of the same type (double
or triple glazing) in the same way. Potential impacts of these effects on the results is
mentioned in conclusions. The annual energy demand for heating (Py) and cooling (P¢)
per square meter of glazing is calculated by adding the monthly contributions:

12 12
Py =) PHm Pc= Y Pc @

m=1 m=1

where the monthly energy demand for heating (Py ,,,) and cooling (Pc ) is calculated as
follows:

PH,m = fH/m(U(®i,H - ®e)t - 77Hngol,m) (2)
PC,m = fC/ m(Pngol,m - WCU(G)I',C - G)e)t) . (3)

The heat transfer coefficient U and the total solar transmittance ¢ depend on the
properties of the glazing system and are calculated according to the procedures described in
Sections 2.2 and 2.3, respectively. The heating temperature is set to ©; i = 20 °C, the cooling
temperature is set to ©; ¢ = 24.5 °C [29], while the average outdoor temperatures for the
month @, are given in Section 2.1. The energy density of incident solar radiation for month
m is denoted by Q,,; ,, and is given in Section 2.1, while ¢ denotes the duration of a month.
During the heating season, the solar heat gain can be reduced by shading elements with
shading factor F. The fraction of a month that falls in the cooling or heating season (fx , and
fcm, respectively) and gain and loss utilization factors (g and #¢, respectively) depend on
the building characteristics. More precisely, they depend on the total heating and cooling
demand of the building and the time constant of the building. The fractions of a month
belonging to a cooling or heating season are calculated as fr,» = Qum/(Qum + Qcm)
and fc . = Qcm/ (Qum + Qcm), where Qp , and Q¢ ,,, are the total heating and cooling
demand of a building, respectively. The values of the gain and loss utilization factors are
determined using the procedure described in Appendix A of [28].

To keep the analysis as general as possible, the results are presented and discussed
for two limiting cases: buildings with low solar gains (poorly insulated buildings, and/or
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buildings with a small ratio of window areas) and buildings with high solar gains (well
insulated buildings and/or buildings with a large ratio of window areas). In the first case,
the duration of the heating and cooling season is determined as a function of the monthly
average temperature. Months with an average temperature below 20 °C are defined as part
of the heating season and months with average temperatures above 24.5 °C are defined as
part of the cooling season. In the second case, the total heat loss and gain are assumed to
be equal to the heat loss and gain trough glazing.

2.1. Meteorological Data

The average outdoor temperatures and heat flux rates of incident solar radiation are
taken from the measured meteorological data available in [30]. The meteorological data are
summarized in Tables 1-3.

Table 1. Climate data for Maribor (Slovenia) [30].

Month 1 2 3 4 5 6 7 8 9 10 11 12

T;—average temperature [°C], T,—average highest day temperature [°C]

T —0.2 1.7 6.0 10.8 15.8 19.0 21.0 20.3 15.7 10.7 51 0.9
T 3.9 6.6 11.4 16.2 213 24.4 26.6 26.1 21.4 16.0 9.2 4.4

Energy density of incident solar radiation falling on
a vertically set pane during one month period measured in [Wh/m?]

N 474 582 720 1009 1175 1357 1188 969 834 690 584 494
NE 504 649 996 1438 1789 1870 1804 1564 1200 823 644 521
E 972 1257 1721 2068 2414 2353 2436 2286 1894 1357 1101 955
SE 1901 2244 2366 2355 2411 2223 2360 2457 2387 2017 1761 1749
S 2521 2947 2637 2263 2005 1821 1860 2168 2432 2283 2009 2164
SW 1993 2426 2256 2162 2082 2069 2063 2160 2065 1795 1494 1634
w 1032 1405 1586 1839 1996 2170 2129 1930 1520 1138 879 860
NwW 495 676 915 1307 1528 1765 1668 1358 993 735 595 501

Table 2. Climate data for the Kredarica (Slovenia) [30].

Month 1 2 3 4 5 6 7 8 9 10 11 12

T;—average temperature [°C], T,—average highest day temperature [°C]

T -7.2 —8.0 —6.6 —4.5 0.3 3.4 6.1 6.4 3.6 0.5 —4.1 —6.0
T> —4.4 —5.0 —3.8 -19 2.7 6.0 9.1 9.3 6.4 3.1 -1.3 —-32

Energy density of incident solar radiation falling on
a vertically set pane during one month period measured in [Wh/m?]

N 299 446 636 968 1186 1403 1314 1020 806 567 379 288
NE 308 480 811 1337 1741 1895 1866 1507 1041 640 407 296
E 566 908 1388 1915 2351 2387 2523 2208 1640 1017 661 514
SE 1140 1656 1970 2213 2406 2315 2564 2485 2173 1563 1088 974
S 1595 2284 2338 2194 2107 2000 2252 2386 2420 1928 1310 1246
SW 1318 1962 2115 2156 2251 2291 2571 2467 2214 1631 1023 971
w 698 1167 1529 1848 2151 2351 2581 2199 1684 1056 602 510

Nw 317 538 866 1299 1613 1868 1942 1513 1064 628 388 293

Table 3. Climate data for Portoroz (Slovenia) [30].

Month 1 2 3 4 5 6 7 8 9 10 11 12

T;—average temperature [°C], T,—average highest day temperature [°C]

T 4.1 45 74 11.6 l6.4 20.1 225 21.7 17.6 13.6 8.4 51
T 8.6 9.7 13.1 16.8 21.8 25.5 28.4 28.2 23.9 19.0 13.2 9.7

Energy density of incident solar radiation falling on
a vertically set pane during one month period measured in [Wh/m?]

N 335 490 731 1094 1341 1589 1433 1193 910 664 430 312
NE 344 523 884 1391 1804 1980 1872 1615 1133 741 450 318
E 605 945 1458 1950 2427 2482 2512 2342 1740 1151 714 530
SE 1220 1730 2098 2319 2554 2472 2596 2682 2319 1769 1185 1010
S 1847 2572 2683 2480 2373 2257 2388 2705 2728 2291 1505 1394
SW 1639 2422 2678 2622 2700 2773 2917 3045 2693 2049 1239 1161
w 926 1550 2044 2306 2661 2935 3036 2853 2126 1371 754 640

NwW 378 686 1133 1591 1989 2320 2292 1974 1306 775 454 323
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2.2. Calculation of the Heat Transfer Coefficient

The calculation of the heat transfer coefficient of glazing is explained in [31]. It depends
on the number of glazing layers and can be calculated as follows:

u— L )

Re + Xty Ryi + T4y 3 + R
where Rg; is internal surface resistance, Rse = 0.04 m2K /W is external surface resistance,
Rg; is the thermal resistance of the ith gas-filled gap, d; is the thickness of the jth glass pane,
Aj is the thermal conductivity of the jth glass pane, N is the number of gas-filled gaps, and
M is the number of glass panes (M = N + 1). The main contribution to the total thermal
resistance of the glazing comes from the thermal resistance of the gas-filled gap Ry and
the internal surface resistance R;;, while the resistance of the glass panes is only a minor
correction. The thermal resistance of a gas-filled gap R, combines the effects of thermal
convection (f.g) within a gap, and the thermal radiation of the glass panes transmitted
through the gap (/r¢). Thermal convection depends mainly on the type of gas occupying
the gap, while thermal radiation depends strongly on the emissivity of the glass panes
enclosing the space gap for the part of the EM spectrum emitted by a black body at room
temperature. The lower the emissivity of the glass panes, the higher the resistance and the
lower the value of heat transfer coefficient:

1

Ry = —«—, 5
¢ g + g ®

where R

40T,
hyg = =", (6)

a1
and - ;
A 9.81d°p~AT uc

hcg = NME' N, = A(W)\) . 7)

In the above equations, A and n are the constants that depend on the orientation of
the glazing. For vertical orientation, A = 0.035 and n = 0.38. The constants p, y, A and
¢ denote the density, dynamic viscosity, thermal conductivity and specific heat capacity
of the gas filling the gaps, respectively. The values for argon are given in Table 4. The
mean temperature in the gap is denoted by T;,;, AT denotes the temperature difference
between the glass panes enclosing the gap, d denotes the distance between the glass panes
enclosing the gap, and €1 and e, denote the emissivity for low-frequency EM waves of
the glass panes enclosing the gap. According to [31], for the calculation of the average
heat transfer coefficient, the mean temperature between the gaps for the double and triple
glazing should be set to 283 K, while for the temperature difference between the panes
in the i-th gap 15K R¢;/XRg; should be applied. The internal surface resistance R; is
calculated as Ry; = 1/ (he; + hy;), where h.; = 3.6 W/Km? and h,; = 4.1€/0.837 W/Km?,
where € is the emissivity of the glass pane facing the building interior.

Table 4. Values of physical constants for argon.

Temperature [°C] px kg/m3 px10%kgms Ax102W/mK ¢ x 10 J/kgK
—10 1.826 2.038 1.584 0.519
0 1.762 2.101 1.634 0.519
10 1.699 2.164 1.684 0.519

20 1.640 2.228 1.734 0.519
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2.3. Calculation of Solar Transmittance

The principles of deriving the total solar energy transmittance g are explained in [22].
Incident solar radiation falling on a glazing is partially reflected, partially transmitted,
and partially absorbed by the glazing (Figure 1 (left)). The absorbed solar radiation is
re-radiated, partly to the inside of the building and partly to the outside. The solar gain
represents the part of the heat flux density of the incident solar radiation that penetrates
the building and is composed of the transmitted solar radiation (t,f¢qs,1) and part of the
absorbed solar radiation emitted to interior (7y;q,;):

gs = &qs01 = (Teff + Yi)9sol - 8)

Jsol T(sol
POl 1o 9

YeClsol YiQsol

N

Figure 1. The contribution of incident solar radiation to solar heat gain.

The fraction of absorbed solar radiation emitted to the interior can be derived from
the difference in the density of the heat flux with and without the contribution of absorbed
solar radiation:

Yifsot = qin — U(0; — 6e) )

where g, denotes the heat flux rate from inside the building and can be calculated by
solving the system of equations (Figure 1 (right)):

6, — 61 01 — 6,
421 +91 =491 = R + K1eGsol = Ro '
821 se
03 —0 0, —0
g2 +92=4q421 = 3R 2+0€2e%ol= ZR L
832 21
04— 0 03 — 0
Qa3 +4q3 =43 = % 3+t¥3e s0l = 3R 2
943 32
0;.—0 Oy — On_
giN + 4N = IN(N-1) = ZR ,N + aNefsol = % (10)
si gN(N-1)

In the above equations, ay,. denotes the effective absorption coefficient and 6,, denotes
the temperature of the n-th glass pane. The thermal resistance of a gap between the i-th
and the j-th pane R, internal surface resistance Ry;, and external surface resistance R,
are redefined to account for the thermal resistance of the glass panes. The equations can be
written in a matrix form for a double glazing system:

R
[61] . (XleRg%ol + Riiee (11)
= X ,
02 “2equsol + Tiei

R
= +1 R‘fl
-1 g+l
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and for a triple glazing system:
R g 0 Ren
RseR R 01 "‘leRg21%ol + 1%7%96
32 32 N
_RL21 1+ RLZI -1 0| = “2@Rg32qsol . (12)
¢ TRy 0 Razg
0 —1 xiL+1] L¥3 3¢ R32gs01 + 1 0i

932

Effective transmittance of multiple glazing 7,7 also includes contribution from multi-
ple reflections between glass panes (see Figure 2). For double glazing, it can be calculated
by adding the geometrical series:

T

Tapp = T (1+pioh + (Ple) 2+ ) = (13)

1—pips’
where 7; denotes the transmittance of the i — th glass pane, p! denotes the reflectance of the
surface facing interior of the i-th glass pane, and pf denotes the reflectance of the surface
facing the exterior of the i-th glass pane. The panes are numbered so that pane No. 1
faces the outside and pane No. 2 faces the inside of the building. Similarly, the effective
reflectance of the double glazing, and the effective absorptance of the individual panes in
the double glazing can be calculated as follows:

2 i
Y]

1-pips’

e _ e 05 i _ i

Peffr2 = P17+ 7 o g2 Peff12 = P2+
102

T

1—pips’

5]
“@72ﬁ+1—m%' Noeff = (14)

=

PN VY +

—

Figure 2. Contributions to solar transmittance due to reflections.

In the case of triple glazing effective transmittance, effective reflectance, and effective
absorptance of individual panes can be written as:

. _ Teff127T3
i a— pifflng ,
2 e 2 i
Teff1203 ; ; B30eff12
Peff12s = Pefrin + 1_6];{% s Peffios = 03+ 1_{),6;;1[12% , (15)
e e
Tlpgff23“i1 Tef 1205
o — g b BT e — o’ (16)
1leff123 eff 1—pl ngfz:«; 3eff123 = 7 _ P;fflng
T Tlfngaé

N3of 123 = ( (17)

- - + - - p
1—pip)(1—pipit2) (1 —phos) (1 — pip5T2)
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where the subscript ef fij denotes the effective transmittance or reflectance of an indepen-
dent double-glazing system consisting of the ith and jth glass panes. The glass panes are
numbered so that pane No. 1 faces outward, pane No. 3 faces inward, and pane No. 2 is
in the centre. The Equations (15) and (16) are derived from the Equation (14) by iteration,
while the Equation (17) is evaluated manually by adding the geometric series of all possible
reflections between the glass panes of a triple glazing.

3. Properties of Glass Panes Available on the EU Market

In this section an overview of the glass panes available on the European market and
their optical properties is given. For this purpose, the extensive database of glass panes
from the open source program Windows [23] has been used. As the case study is conducted
for the European region, only the largest manufacturers present in the European market
were selected from the database [32]. This was done to ensure that there are no problems
with the supply. In addition, only glass panes with a thickness between 3 mm and 12 mm
were considered, as thicker or thinner glass panes are not usually used for window glazing.
The reduced database still contains over 1000 different types of glass panes.

The aim of this section is to highlight the properties of glass panes, their correlations
and their influence on heating and cooling requirements. First, the pane properties are
analyzed individually, and their influence on heat transfer coefficient and total solar
transmittance is discussed. Second, correlations that have been identified as important and
that can have a significant impact on heat transfer coefficient and total solar transmittance
are discussed.

The following parameters from the reduced database are analyzed: thermal conduc-
tivity, emissivity for IR spectrum, transmittance for solar spectrum, reflectance for solar
spectrum and glass thickness. Figure 3 shows the distribution of glass panes according
to the values of the above parameters. The glass panes were first sorted according to the
studied parameter and then plotted in a graph.

The distribution by glass thickness is shown in Figure 3, first column, first row. From
the figure it can be concluded that we can choose from glass panes in all thickness categories
from 3 mm to 12 mm. As expected, glass panes with thickness less than 8 mm are the most
common, as they are more frequently used in the window industry compared to thicker
glass panes. No significant relationship was found between glass thickness and other
parameters. Moreover, glass thickness has negligible influence on heat transfer coefficient
and total solar transmittance.

The distribution of glass panes by thermal conductivity is shown in Figure 3, first row,
second column. Most glass types have a thermal conductivity of 1 W/mK, although glass
with lower thermal conductivity (down to 0.5 W/mK) can also be found. Similar to glass
thickness, thermal conductivity has no effect on total solar transmittance and solar gain,
and its influence on heat transfer coefficient is insignificant.

The distribution of the emissivity of glass panes for the infrared spectrum is shown
graphically in the second row in Figure 3. The emissivity of glass panes on lower emissivity
side is given in the first column, while the emissivity of glass panes on higher emissivity
side is given in the second column. A clear distinction can be made between glass panes
with and without low-emissivity coatings. Classic glass has an emissivity of 0.84, while
with the low-emissivity coating the IR emissivity of the glass panes can reach values from
0.013 to 0.2 on side with the coating. The figures also confirm that almost all glass panes
have low-emissivity coating on one side only. Since the low-emissivity coating is sensitive
to mechanical injury, glass panes in double or triple glazing should be positioned so that
the low-emissivity coating faces the gap.
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Figure 3. Distribution of optical properties of glass panes available on European market: (A) thickness, (B) conductivity, (C)
emissivity (side A), (D) emissivity (side B), (E) reflectance (side A), (F) reflectance (side B), (G) transmittance. The panes are
sorted by studied parameter and than presented in a graph. Each vertical line presents one pane.
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Emissivity has an important influence on heat transfer coefficient. A low-emissivity
pane will significantly reduce heat loss through a gap. In fact, when glass panes with no
emissivity enclose the gap, radiation is the main cause of heat loss. Radiant heat coefficient
hyg in Equation (5) has a value of about 3.7 W/ Km?, while the convective heat coefficient
hcg has approximately three times lower value. On the other hand, if one of the panes
enclosing the gap has emissivity of 0.03, the radiative heat coefficient drops to 0.15 W /Km?.
However, two low emissivity panes do not reduce the heat loss much further. Convection
heat transfer coefficient becomes more significant and further reducing the heat coefficient
from 0.15 W/Km? to 0.07 W/Km? has a negligible effect on the heat transfer coefficient.
The emissivity has no direct effect on total solar transmittance, but can affect it indirectly
trough correlations with the transmittance and reflectance. Therefore, the correlations
between emissivity, transmittance and reflectance need to be investigated.

The distribution of transmittance for solar spectrum of glass panes is shown in
Figure 3, last row. The transmittance of glass panes can reach values from 0% to 91%. The
transmittance of glass in the solar spectrum is highly correlated with the transmittance of
glass in the visual spectrum, as shown in Figure 4, first column, first row. Transmittance
for solar radiation plays an important role in determining total solar transmittance and
solar gain. The correlation between transmittance and emissivity of glass panes is shown
in Figure 4, first column, second row. Panes with and without low-emissivity coating can
be clearly distinguished from each other. The figure also shows that glass panes without
emissivity achieve higher transmittance values than glass panes with a low-emissivity
coating. Therefore, the combination of glass panes with a low-emissivity coating and clear
glass panes without a low-emissivity coating can achieve better results than glazing with
only low-emissivity glass panes. Figure 4, first column, third row, shows the correlation
with transmittance and emissivity for coatings with emissivity from 0.03 to 0.02. The figure
shows that the glass panes with the lowest emissivity also have lower solar transmittance.
Therefore, a glass pane with a slightly higher emissivity, but also a higher transmittance,
could cause a lower heat demand in cold climates than the glass pane with the lowest
emissivity value and consequently the lowest heat transfer coefficient value. A series
of linear functions describing the correlation between emissivity and the upper limit for
transmittance for glass panes with low emissivity from 0.03 to 0.2 can be obtained:

7.7794¢ 403344 e ¢
1.0256¢ + 0.6518 € ¢
—2.963¢ +0.9948 ¢ ¢
3.6660e + 0.0666 ¢ €

0.013,0.047)
0.047,0.086)
0.086,0.14)
0.14,0.2)

(18)

,-‘
I
~ Y~~~

The distribution of glass panes by reflectance is shown in Figures 3, third row. The
reflectance of glass panes on a side with lower emissivity (low-emissivity coating, if present)
is shown in the first column, while the reflectance of glass panes on a side with higher
emissivity is shown in the second column. The figures show that the reflectance of glass
panes on a side without a low-emissivity coating varies between 4% and 63%, and is slightly
higher (up to 66%) on a side with a low-emissivity coating. Reflectance affects total solar
transmittance, although to a lesser extent than transmittance. A higher reflectance on an
outward-facing side of the panes results in a lower total solar transmittance. The correlation
between reflectance and emissivity is shown in the diagrams in Figure 4, second column.
The diagrams show that the emissivity on a coated side correlates with the reflectance. That
is, panes with lower values of emissivity have higher values of reflectance.
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Figure 4. Correlation between optical properties of glass panes availabe on European market: (A) transmittance for solar
spectrum (horizontal axis) vs visual transmittance (vertical axis), (B) reflectance on a side with low-emissivity coating
(horizontal axis) vs emissivity on a side with low-emissivity coating (vertical axis), (C) transmittance (horizontal axis)
vs emissivity on a side with low-emissivity coating (vertical axis) , (D) emissivity on a side with low-emissivity coating
(horizontal axis) vs reflectance on a side without low-emissivity coating (vertical axis), (E) emissivity on a side with
low-emissivity coating (horizontal axis) vs transmittance (vertical axis), (F) emissivity on a side with low-emissivity coating
(horizontal axis) vs reflectance on a side with low-emissivity coating (vertical axis).

4. Results and Discussion

The average monthly maximum daily temperatures at Krederica do not exceed 10 °C
(see Table 2). According to meteorological data, glazing with low heat transfer coefficient
and high solar transmittance should be used. Glazing with the right combination of clear
glass with and /or without low-emissivity coating is preferred. Therefore, the following
settings are tested for the double glazing: (a) both panes with the highest transmittance
(clear glass without low-emissivity coating); (b) inner pane with low-emissivity coating,
outer pane clear glass without low-emissivity coating; (c) outer pane with low-emissivity
coating, inner pane clear glass without low-emissivity coating; (d) both panes with low-
emissivity coating. A similar setting is tested for triple glazing: (a) all panes with clear glass
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without low-emissivity coating; (b) inner pane with low-emissivity coating, other panes
of clear glass; (c) outer pane with low-emissivity coating, other panes of clear glass; (d)
middle pane with low-emissivity coating, other panes of clear glass; (e) inner pane of clear
glass, other panes with low-emissivity coating; (f) outer pane of clear glass, other panes
with low-emissivity coating; (g) central pane of clear glass, other panes with low-emissivity
coating; (h) all panes with low-emissivity coating. For the clear glass, the transmittance
is set to 0.91 and the emissivity is set to 0.84. For glass with low-emissivity coatings, the
emissivity is varied from 0.013 to 0.2, and the transmittance is calculated from the emissivity
according to the relationships in Equation (18). It is assumed that the effects of reflectance
are less important than the effects of transmittance and emissivity. Therefore, the results
with the lowest and the highest possible reflectance are presented.

In Figure 5, the heating demand for double glazing on a building with low solar gains
in Kredarica is presented for different orientations. Since the average daily temperatures
and the highest average daily temperatures do not exceed 20°, there is no cooling demand
and the results can be applied to both low and high impedance buildings. As it can be
seen from Figure 5, the use of at least one pane with a low-emissivity coating significantly
reduces the heat demand. Moreover, the lowest heat demand is obtained with glazing with
clear glass for the inner pane and low-emissivity glass for the outer pane with the lowest
possible emissivity value. The position of the low-emissivity glass pane (as inner or outer
pane) has no influence on the heat transfer coefficient, because the low-emissivity coating
is applied only on the side facing the gap. The positioning of the pane also has no effect on
the effective transmittance, but it does on the effective reflectance. Since the low-emissivity
pane has a slightly higher reflectance on the side with the low-emissivity coating, it reflects
more heat when it is facing outward (as an inner pane) than when it is facing inward (as an
outer pane). Because of this difference, solar radiation is higher for low-emissivity glazing
positioned as an exterior pane. When the emissivity value is higher than 0.05, the heat
demand is lower for low emissivity glazing positioned as an interior pane when oriented
northeast to northwest, while for other orientations both positions give similar results.
When the emissivity is higher than 0.150, a lower heat demand is obtained for the glass
with the low-emissivity as the inner pane. Similar results are obtained when the glazing is
installed in a building with high solar gains. The only difference is that there is present a
small cooling demand for glazing with clear glass for the inner pane and low-emissivity
glass for the outer pane with low values of emissivity. The sum of heating and cooling
demand for double glazing on a building with high solar gains at Kredarica for different
orientations is shown in Figure 6. Similar to a building with low solar gains, glazing with
inner clear glass and outer pane with low-emissivity coating gives the lowest value for the
sum of heating and cooling demand.

The heating demand for triple glazing on a building with low solar gains at Kredarica
is shown in Figure 7. The lowest heating demand can be obtained with glazing with either
three or two low emissivity glass panes with the emissivity value of 0.05. Nevertheless, for
the building with high solar gains and without shading (see Figure 8), overheating effects
can be observed, which are particularly noticeable for glazing with low emissivity glass
panes between 0.05 and 0.1. Thus, if shading is not used, the sum of heating and cooling
requirements may be lower for glazing with the low-emissivity pane with slightly lower
emissivity value of 0.025. However, this overheating can be regulated by using shading
elements with a shading factor of 0.2 (see Figure 9).

Figures 10-12 and 13-15 show the heating demand and the sum of heating and cooling
demand, for double and triple glazing for different orientations on buildings with very high
impedance in Maribor. Meteorological data for Maribor (see Table 1) show that average
temperatures are much higher compared to average temperatures at Kredarica. However,
the heating season is still predominant. Average daily temperatures in Maribor also do
not exceed 20 °C, but average daily maximum temperatures in June, July and August
exceed 24.5 °C. Buildings with very low impedance (time constant less than 8 h) must
be cooled during the hottest periods of the day. In addition, so-called heat waves are
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becoming more common, with daily maximum temperatures exceeding 30 °C for several
days. Even buildings with moderate impedance must be cooled during these heat waves.
Therefore, it is expected that low and moderate impedance buildings will have higher
cooling requirements than predicted by the model, which best describes high impedance
buildings. The results for glazing performance in Maribor are similar to those in Kredarica.
For double glazing on a building with low solar gains, glazing with an outer pane of
emissivity of 0.003 and an inner pane of clear glass gives the lowest sum of cooling and
heating demand. Similar results are obtained for double glazing on a building with high
solar gains and shading elements during the cooling period with a shading factor of 0.2.
Nevertheless, if no shading is applied, it is better to use a pane with the lowest emissivity
as the inner pane and clear glass as the outer pane (see Figure 14). For triple glazing on a
building with high solar gains and without shading, overheating is much more evident for
glazing with glass panes with a low-emissivity coating with emissivity values between 0.05
and 0.1. For east, southeast, south and southwest orientations, these overheating effects are
so strong that these panes have the highest sum of heating and cooling demand. Although
overheating can be regulated by using shading elements with a shading factor of 0.2 during
the cooling season, it is better to use panes with a slightly lower emissivity of 0.025, which
perform well in buildings with both low and high solar gains.

PortoroZ has higher monthly average temperatures than Maribor, but similar to
Maribor, the heating season is predominant. The heating demand or the sum of heating
and cooling demand for PortoroZ is shown in Figures 16-18 and 19-21. Similar effects
can be observed as in the case of Maribor, although on a larger scale. The only significant
difference between Maribor and Portoroz is that for double glazing on a building with
high solar gains and no shading, glazing with an outer pane of clear glass and an inner
pane with low-emissivity pane with emissivity value of about 0.03 achieves the lowest sum
of heating and cooling demand (for Maribor, a low-emissivity pane with ten times lower
value of emissivity is preferable).



Sustainability 2021, 13, 11857

14 of 33

Kredarica, orientation North

450000 -

400000 -

350000

300000 -

250000 4

200000 -

150000 -

Heating demand [Wh/m~* 2]

100000 1

case (a)
case (b)
— case (c)
— case (d)

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Emissivity

Kredarica, orientation East

450000 -

400000 -

350000 +

300000 +

250000 4

200000 4

150000 A

Heating demand [Wh/m™2]

100000 -

case (a)
case (b)
— case (c)
— case (d)

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Emissivity

Kredarica, orientation South

450000 A

400000 -

350000 4

300000 -

250000 1

200000

150000 -

100000 A

Heating demand [Wh/m~2]

50000 4

case (a)
case (b)
— case (c)
— case (d)

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Emissivity

Kredarica, orientation West

450000 4

400000 -

350000 +

300000 -

250000 +

200000 +

150000 A

Heating demand [Wh/m~2]

100000 -

50000

case (a)
case (b)
— case (c)
— case (d)

0025 0050 0075 0100 0125 0150 0175 0200
Emissivity

Heating demand [Wh/m~2] Heating demand [Wh/m~2] Heating demand [Wh/m* 2]

Heating demand [Wh/m*2]

Kredarica, orientation North-East

450000 A
400000 -
350000 -
300000 A
250000
200000 -
case (a)
150000 - case (b)
— case (c)
100000 - — case (d)
0.0‘25 0.650 0.0‘75 0.£00 O.iZS 0.1‘50 0.i75 0.2‘00
Emissivity
Kredarica, orientation South-East
450000
400000 -
350000 4
300000 4
250000 4
200000
150000
case (a)
100000 - case (b)
— case (c)
50000 — case (d)
0.0‘25 0.650 0.0‘75 0.1‘00 0.i25 0.1‘50 0.i75 0.2‘00
Emissivity
Kredarica, orientation South-West
450000
400000 -
350000
300000 -
250000
200000 4
150000 4
case (a)
100000 - case (b)
— case (c)
50000 4 — case (d)
0.0‘25 0.650 0.0‘75 0.1‘00 0.i25 0.1I50 0.i75 0.2‘00
Emissivity
Kredarica, orientation North-West
450000
400000 -
350000
300000 4
250000
200000 A
case (a)
150000 - case (b)
— case (c)
100000 - — case (d)

0.025 0050 0075 0100 0125 0150 0175 0200
Emissivity

Figure 5. Annual heat loss per square meter of vertically set double glazing system on object located at Kredarica for high impedance

building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) both panes with highest

transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity coating, external pane clear glass

without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear glass without low emissivity coating;

(d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore

the results do not vary with the emissivity. Different cases include low-emissivity glass with different values of reflectance.
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Figure 6. Annual heat loss per square meter of vertically set double glazing system on object located at Kredarica for high impedance
building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling
season): (a) both panes with highest transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity
coating, external pane clear glass without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear
glass without low emissivity coating; (d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the
glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass with
different values of reflectance.
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Figure 7. Annual heat loss per square meter of vertically set triple glazing system on object located at Kredarica for high impedance

building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) all panes with clear glass without

low emissivity coating; (b) inner pane with low emissivity coating, other panes clear glass; (c) external pane with low emissivity

coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes clear glass; (e) inner pane clear glass, other

panes with low emissivity coating; (f) external pane clear glass, other panes with low emissivity coating; (g) middle pane with clear

glass, other panes with low emissivity coating; (h) all panes with low emissivity coating. As in case (a) there is no low-emissivity pane,

the glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass

with different values of reflectance.
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Figure 8. Annual heat loss per square meter of vertically set triple glazing system on object located at Kredarica for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling

season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear

glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes

clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low

emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.

As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.

Different cases include low-emissivity glass with different values of reflectance.
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Figure 9. Annual heat loss per square meter of vertically set triple glazing system on object located at Kredarica for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area with shading factor 0.2 during cooling

season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear

glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes

clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low

emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.

As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.

Different cases include low-emissivity glass with different values of reflectance.
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Figure 10. Annual heat loss per square meter of vertically set double glazing system on object located at Maribor for high impedance

building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) both panes with highest

transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity coating, external pane clear glass

without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear glass without low emissivity coating;

(d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore

the results do not vary with the emissivity. Different cases include low-emissivity glass with different values of reflectance.
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Figure 11. Annual heat loss per square meter of vertically set double glazing system on object located at Kredarica for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling

season): (a) both panes with highest transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity

coating, external pane clear glass without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear

glass without low emissivity coating; (d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the
glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass with

different values of reflectance.
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Figure 12. Annual heat loss per square meter of vertically set double glazing system on object located at Kredarica for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area with shading factor 0.2 during cooling

season): (a) both panes with highest transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity

coating, external pane clear glass without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear

glass without low emissivity coating; (d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the

glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass with

different values of reflectance.
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Figure 13. Annual heat loss per square meter of vertically set triple glazing system on object located at Maribor for high impedance
building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) all panes with clear glass without
low emissivity coating; (b) inner pane with low emissivity coating, other panes clear glass; (c) external pane with low emissivity
coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes clear glass; (e) inner pane clear glass, other
panes with low emissivity coating; (f) external pane clear glass, other panes with low emissivity coating; (g) middle pane with clear
glass, other panes with low emissivity coating; (h) all panes with low emissivity coating. As in case (a) there is no low-emissivity pane,
the glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass
with different values of reflectance.
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Figure 14. Annual heat loss per square meter of vertically set triple glazing system on object located at Maribor for high impedance
building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling
season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear
glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes
clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low

emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.
As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.
Different cases include low-emissivity glass with different values of reflectance.
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Figure 15. Annual heat loss per square meter of vertically set triple glazing system on object located at Maribor for high impedance
building with high solar gains (well insulated or/and windows with large ratio of window area with shading factor 0.2 during cooling
season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear
glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes
clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low
emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.
As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.
Different cases include low-emissivity glass with different values of reflectance.
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Figure 16. Annual heat loss per square meter of vertically set double glazing system on object located at Maribor for high impedance

building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) both panes with highest

transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity coating, external pane clear glass

without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear glass without low emissivity coating;

(d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore

the results do not vary with the emissivity. Different cases include low-emissivity glass with different values of reflectance.
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Figure 17. Annual heat loss per square meter of vertically set double glazing system on object located at Portoroz for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling

season): (a) both panes with highest transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity

coating, external pane clear glass without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear

glass without low emissivity coating; (d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the

glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass with

different values of reflectance.
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Figure 18. Annual heat loss per square meter of vertically set double glazing system on object located at Portoroz for high impedance

building with high solar gains (well insulated or/and windows with large ratio of window area with shading factor 0.2 during cooling
season): (a) both panes with highest transmittance (clear glass without low emissivity coating); (b) internal pane with low emissivity
coating, external pane clear glass without low emissivity coating; (c) external pane with low emissivity coating, internal pane clear

glass without low emissivity coating; (d) both panes with low emissivity coating. As in case (a) there is no low-emissivity pane, the
glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass with

different values of reflectance.
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Figure 19. Annual heat loss per square meter of vertically set triple glazing system on object located at PortoroZz for high impedance
building with low solar gains (badly insulated or/and windows with small ratio of window area): (a) all panes with clear glass without
low emissivity coating; (b) inner pane with low emissivity coating, other panes clear glass; (c) external pane with low emissivity
coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes clear glass; (e) inner pane clear glass, other
panes with low emissivity coating; (f) external pane clear glass, other panes with low emissivity coating; (g) middle pane with clear
glass, other panes with low emissivity coating; (h) all panes with low emissivity coating. As in case (a) there is no low-emissivity pane,
the glazing has fixed emissivity and therefore the results do not vary with the emissivity. Different cases include low-emissivity glass
with different values of reflectance.
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Figure 20. Annual heat loss per square meter of vertically set triple glazing system on object located at PortoroZz for high impedance
building with high solar gains (well insulated or/and windows with large ratio of window area without shading during cooling
season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear
glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes
clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low
emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.
As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.
Different cases include low-emissivity glass with different values of reflectance.
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Figure 21. Annual heat loss per square meter of vertically set triple glazing system on object located at Maribor for high impedance
building with high solar gains (well insulated or/and windows with large ratio of window area with shading factor 0.2 during cooling
season): (a) all panes with clear glass without low emissivity coating; (b) inner pane with low emissivity coating, other panes clear
glass; (c) external pane with low emissivity coating, other panes clear glass; (d) middle pane with low emissivity coating, other panes
clear glass; (e) inner pane clear glass, other panes with low emissivity coating; (f) external pane clear glass, other panes with low
emissivity coating; (g) middle pane with clear glass, other panes with low emissivity coating; (h) all panes with low emissivity coating.
As in case (a) there is no low-emissivity pane, the glazing has fixed emissivity and therefore the results do not vary with the emissivity.
Different cases include low-emissivity glass with different values of reflectance.
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5. Conclusions

The results of this study can give advice to window manufacturers on how to choose
the right combination of glass panes with the right optical properties to achieve additional
reduction of heat flux through glazing without much effort and high costs. Our results agree
with the findings of Laouadi et al. [27] that low emissivity coatings can significantly reduce
the heat demand, and with the findings of Kumar et al. that the low-emissivity coatings lower
heat loss due to thermal transmittance but on the other hand can also reduce solar gain [26].

Nevertheless, the model has several limitations that have to be taken into account. Since
the model does not include the effects of the window frame and the thermal bridge between
the window and the wall, it is important to mention that if the heat transfer coefficient of
the glazing is much higher than the heat transfer coefficient of the wall, the effective thermal
transmittance of the glazing will be higher than predicted due to the resulting thermal bridge.
Similarly, if the heat transfer coefficient of glazing is lower than the heat transfer coefficient
of a wall, the effective thermal transmittance of glazing is lower than predicted. Necessary
ventilation during the heating season, which is also not taken into account, increases the
heating demand. During the summer season, properly planned ventilation during the cooler
part of the day can help reduce cooling demand. Moreover, the threshold for the onset of
cooling need not necessarily coincide with a temperature greater than 24.5 °C, but may depend
on various other factors [33]. It should also be noted that cooling demand is expected to
increase in the future due to the projected temperature increase caused by CO, emissions [34].
In addition, the energy density of incident solar radiation may differ from the data in the
Tables 1-3 due to various objects in the vicinity of the building (such as trees, other buildings,
etc.). Moreover, the model does not correctly predict the optical properties of the glazing for
the direction of the solar rays with high angle of incidence (rays almost parallel to the glazing).
Finally, cooling and heating requirements are not the only factors that should be considered
when deciding on the best glazing. Factors such as glare, condensation and acoustic properties
must also be taken into account. Glare can be a nuisance factor, especially in winter when the
sun is low and there is snow. In this case, shades must be used which unfortunately leads to
reduction of solar gain. Condensation is prevented by using glazing with low heat transfer
coefficients, which is not at odds with reducing heating and cooling requirements. Acoustic
glazing is achieved by using panes with different thicknesses, which does not significantly
affect the heating and cooling demand.

Funding: This research received no external funding.

Data Availability Statement: The data on glass panes can be found source program Windows that
can be downloaded form the link https://windows.Ibl.gov /software/window. The data on solar
radiation can be downloaded from the link http:/ /meteo.arso.gov.si/met/sl/climate/tables/.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

low-e or low-¢  low emissivity

IR infrared

eore emissivity

u heat transfer coefficient
Re thermal resistance of air gap
N North

S South

W West

E East

NE North-East

SE South-East

NW North-West

SW South.West
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