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Abstract

This study proposes a hybrid triple glazing system with CO, and vacuum gaps and
determines its optimum thickness and accompanying heat transmittance (Ug value).The
proposed system comprises a typical vacuum section and a CO; section, utilizing the
greenhouse gas to improve building thermal performance. The optimum thickness of the
vacuum section was at 6.2 mm from previous studies. To determine the optimum thickness
of the CO; section, the Ug value of 120 combinations of glass thicknesses and CO, gap were
evaluated in 1-mm increments using the THERM & WINDOW programs.

System: The Ug value decreased rapidly with increasing CO» gap for all glass thicknesses,
up to a CO; gap of 10 mm, after which no change was observed. The Ug value reduction
ratio for the 1-10 mm thick glass was 14.11-14.38% when the CO, gap was increased from
1 to 10 mm, with the 6—7 mm glass thickness exhibiting the greatest reduction ratio of
14.38%. Therefore, the optimum thickness of the proposed hybrid triple glazing system is
22.2-23.2 mm, comprising a 16—17-mm thick CO; section and 6.2-mm thick vacuum
section, with a Ug value of 0.274 W/m?-K. The optimum thickness of the CO> gap and total
thickness of the glazing system and Ug value will need to be slightly adjusted depending on
the results of future experiments.

Keywords: Hybrid triple glazing system, Carbon dioxide (CO;), Ug value, Vacuum, Heat
transmittance

1. Introduction

With growing attention to addressing climate
change, the focus on building energy efficiency has
been increasing in the field of architectural and
material design research. Building efficiency can
be improved by, among other measures, improving
the heat transmittance (Ug value) of the building
envelope. Accordingly, various studies have been
conducted to improve the poor Ug value of

Published by: The Mattingley Publishing Co., Inc.

traditional building windows in comparison with
that of the exterior walls. The main components of
a window are the glazing system and the frame
system, of which the glazing system is the primary
factor dictating the Ug value of the entire window.
A typical glazing system comprises glass layers,
insulating gas, and edge sealing. Recently, new
materials and techniques have been applied to
improve the Ug value of such glazing systems,
resulting in systems with a Ug value similar to or
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better than that of the building envelope [1,2]. To
date, glazing systems with excellent Ug values or
high performance can be classified into eight types:
(1) multilayer glazing (with insulating gas, low-
emission coating, and high-insulating edge sealing),
(2) suspended glazing, (3) vacuum glazing, (4)
electrochromic glazing, (5) photovoltaic glazing,
(6) aerogel glazing, (7) phase change material
(PCM) glazing, and (8) self-cleaning glazing.

The traditional multilayer glazing system
comprises clear glass layers, air gaps, and
aluminum edge sealing. However, this type of
glazing system is characterized by a considerable
amount of heat loss through convection and
radiation via the air gap. Additionally, because the
edge sealing has a high thermal conductivity, there
is a considerable risk of condensation as well as
heat loss along the edges of the window. To
overcome these shortcomings, a low-emission
coating has been applied together with Argon (Ar)
or Krypton (Kr) gas. By applying the low-emission
coating to the glass surface, the heat transfer due to
the radiation between the glass surfaces was
considerably reduced [3-9], and by using Ar or Kr
gases, the heat transfer due to the convection in the
gas gap was also reduced [10,11]. To minimize the
heat loss via conduction through the edge sealing,
polyisobutylene (PIB) or silicone-based edge
sealing materials with low thermal conductivity
have been applied instead of high-conductivity
materials, such as aluminum. Combined, these
measures have improved the Ug value of windows
with multilayer glazing systems to as low as 0.7
W/m2-K [1,2].

The suspended glazing system is similar to the
multilayer glazing system; however, an additional
thin insulating film is inserted into the gas gap to
reduce the Ug value of the window without
increasing the thickness of the glazing. Using this
technique, a glazing system with a lower Ug value
and smaller size and weight can be provided. The
suspended glazing system can contribute to
considerable energy savings in an office or a high-
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rise building with a building envelope made of
curtain walls. Among the results reported in recent
studies, the lowest Ug value obtained for a
suspended glazing system was 0.28 W/m2-K
[12,13]. The vacuum glazing system is a unique
technology that does not use any insulating gas in
the gap between the glass layers. Because the
system provides a vacuum gap between the glass
layers, heat loss by convection and conduction
through the gap is negligible. Moreover, because
there is no insulating gas, the gap between the
layers can be as thin as approximately 0.2 mm.
Furthermore, the application of an Indium-based
edge sealing technique has been observed to
considerably reduce the risk of vacuum gap rupture.
Although the Ug value of manufactured vacuum
glazing systems is 0.7 W/m2-K, recent triple
vacuum glazing system studies have found that the
Ug value can be improved to as low as 0.24
W/m2-K [14-20]. The electrochromic glazing
system is a recently developed “smart glazing
system” that uses chromogenic materials to control
the thermal and optical properties of the glass. By
changing the color of the glazing according to the
intensity of the external solar radiation, the
transmittance of solar radiation through an entire
window and, thus, the SHGC (Solar Heat Gain
Coefticient) can be controlled. The lowest Ug
value reported to date for an electrochromic
glazing system is 0.62 W/m2-K [21-23]. The
photovoltaic (PV) glazing system can be beneficial
in reducing the building energy usage as it
combines the window glazing with solar cells to
simultaneously act as a shading device, insulator,
and energy generation system. Although such a
multipurpose glazing system has many advantages,
its Ug value is slightly higher than that of other
glazing systems, recently reported to be 1.1
W/m2-K [24-26]. The aerogel glazing system
contains a layer of silica aerogel between the
glazing layers, which provides excellent insulation
performance and light transmittance. However,
owing to the poor tensile strength and durability of
the aerogel, such glazing systems can be easily
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destroyed if their inner layer comes in contact with
water. Nevertheless, due to its high thermal
performance and excellent optical properties, it has
attracted a significant amount of attention as a
futuristic super-insulating glazing system. The
lowest aerogel glazing system Ug value reported to
date is 0.4 W/m2-K [27,28]. A PCM is a high-
performance heat storage and release material that
can maintain a constant temperature for a long time
during the phase change between its solid and
liquid states. Owing to this feature, PCMs have
been used to minimize heat loss from building
envelopes and floors [29,30]. Recently, studies that
apply such PCMs to glazing systems have been
conducted. Because PCMs have a relatively low
thermal conductivity in both their solid and liquid
states, they can replace adiabatic gas in the gap
between the glazing layers. Furthermore, PCMs
can minimize heat loss through the glazing system
as they prevent the glass surface temperature from
changing suddenly due to external environmental
factors, such as temperature or solar radiation.
Recent studies have reported PCM glazing system
Ug values below 0.5 W/m2-K [31,32]. The self-
cleaning glazing system includes a titanium
dioxide (TiO2) coating applied to the glass surface.
This coating acts a photocatalyst that cleans
contaminants attached to the glass surface by
combining solar radiation and naturally present
water. However, because such self-cleaning
glazing systems are focused on maintenance
concerns rather than insulation performance, their
Ug value is approximately 1.2 W/m2-K, which is
slightly higher than other recently developed
glazing systems [33-35].

Table 1. Ug value of various glazing systems
evaluated in previous studies

Ug value in

glazing center

No.  Type Main purpose

(W/m2 - K)

1 Multilayer glazing Insulation 0.70
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2 Suspended glazing Insulation 0.28
3 Vacuum glazing Insulation 0.24
4 Elec.trochromic Insulation, 0.62
glazing Shading
Insulation,
Shadi
5 Photovoltaic glazing adng, 1.10
Power
generation
6 Aerogel glazing Insulation 0.40
7 PCM glazing Insulation 0.50
. Insulation,
% Slelfjcleamng 120
glazing Maintenance

As presented in Table 1, the Ug values of the high-
performance glazing systems reported to date
range from 0.24 to 1.20 W/m2-K, with the Ug
values of the vacuum and suspended glazing
systems being the lowest at 0.24 and 0.28 W/m2-K,
respectively. The glazing systems proposed in
previous studies achieved their high thermal
performances by combining new insulating
materials with existing systems, effectively
reducing greenhouse gas emissions (especially
CO2) by decreasing building energy consumption.
Most such glazing systems have included some
type of insulating gas in a gas gap. Noble gases
such as Argon, Krypton, or Xenon are typically
used as such insulating gases as they exhibit little
change in their internal energy with temperature
change, and rarely participate in chemical reactions
with other substances such as water vapor or
organic matter. The insulation performances of
these gases improve with increased purity.
However, considerable technology is required to
capture such gases, remove any impurities,
processes them for phase changes, and then store
them. For this reason, insulating gases for glazing
systems are typically costly and can be difficult to
supply in large quantities. Accordingly, in this
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study, carbon dioxide (CO2) is proposed for use as
an insulating gas in the gas gap instead of a typical
noble gas. As CO?2 is one of the major greenhouse
gases contributing to global warming, many
countries, including South Korea, have long been
developing technologies to capture, process, store,
transport, and sequester CO2. These technologies
have been developed to considerable levels and can
be used in a wide range of applications. If the
insulation performance of CO2 gas can be
demonstrated to be similar to that of currently
applied insulating gases, it can be used as the
insulating gas in glazing systems. Moreover, the
use of CO2 as the insulating gas in the proposed
system can contribute to the reduction of CO2
emissions by recycling gas otherwise released into
the atmosphere or sequestered underground or
underwater.

This study proposes a novel hybrid triple glazing
system comprising a vacuum gap and a CO2 gap.
Because CO2 is a major greenhouse gas
contributing to global warming, its emission or use
is strictly controlled by the United Nations
Framework Convention on Climate Change
(UNFCCC). However, studies on CO2 capture and
storage (CCS) technology have been recently
conducted resulting in the capability to artificially
control emitted CO2 [36,37]. CO2 could represent
a particularly useful gas in window glazing systems
or other building insulation systems as the
insulation performance of pure CO2 gas is similar
to that of Ar gas [38]. Although there are few
architectural elements in a building in which pure
CO2 gas can be applied as a thermal insulation
material, multiple-layer glazing systems all require
some type of insulation gas. Furthermore, in such
glazing systems, the gas gap is completely sealed
by the edge sealing technology; hence, there is little
risk of the CO2 gas being released into the
atmosphere.

The application of CO2 gas in window glazing
systems presents three potentially major
advantages. First, if expensive Ar gas can be
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replaced with cheap CO2 gas with very similar
insulation performance in glazing systems, the
price of the glazing system can be reduced while
maintaining a similarly low Ug value. Second, the
glazing system in a building is a critical factor
affecting its energy efficiency, and the proportion
of the glazing system area to the area of an entire
building envelope is substantial. If CO2 can be
applied as an insulation gas in the glazing system,
buildings can act like forests by capturing CO2
rather than emitting it. If glazing systems
containing captured CO2 are applied to many
buildings, a considerable amount of CO2 can be
sequestered by buildings. Third, the most common
method to treat captured CO2 is to bury it
underground, but this treatment process is
expensive due to the need for collection, storage,
transportation, and burial processes [39]. However,
if a portion of captured CO2 is sequestered in
building components, such as window glazing
systems, the need to undertake expensive processes,
such as burial, can be reduced.

To develop the proposed hybrid triple glazing
system containing vacuum and CO2 gaps, this
study focuses on determining the optimum
thickness and heat transmittance (Ug-value) of the
glazing system. The results are then compared with
the Ug values of the other advanced glazing
systems presented in previous studies. For this
analysis, the THERM and WINDOW software
package, version 7.2, distributed by the Lawrence
Berkeley National Laboratory, was used. The
general theory for the process of constructing a
glazing system using this program and the
subsequent derivation of results is described in the
“NFRC Simulation Manual” [40] and “Technical
and Programming Documentation” [41] of the
THERM and WINDOW programs.

2. Materials and Methods

2.1 Materials
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Figure 1 shows the structure and characteristics of
the proposed hybrid triple glazing system with
vacuum and CO2 gaps. This glazing consists of
three glass layers, a CO2 gap, a vacuum gap with a
support pillar, and edge sealing. The glazing can
thus be divided into a CO2 section and a vacuum
section, each with different edge sealing systems.
There is a total of six glass surfaces between the
outside and the inside of the proposed glazing
system, as indicated in the figure.

(Outside) (Inside)
Glass 1 Glass 2 Glass 3
Surface 1 (#1)- — Surface 6 (#6)
Surface 2 (42) - Surface 5 (#5)
| Vacuum gap

- Surface 4 (#4)
* Surface 3 (#3)

5 Cco, gas" T . - Support Pillar

Spacer sealing ~— { | Indium
sealing

€O, Vacuum
glazing glazing
section section

Figure 1. Proposed hybrid triple glazing system
with vacuum and CO2 gaps

In order to determine the optimum thickness of the
proposed glazing system, the thicknesses of the
CO2 section and vacuum section must be
determined. For the optimum thickness of the
vacuum section, the results of previous studies can
be used as they have already evaluated the
thicknesses of the glass and vacuum gap for
optimum Ug values [14-20]. There have not,
however, been any previous studies evaluating the
thickness of the glass and CO2 gap for optimum
Ug values. Therefore, the main objective of the
present study was to determine the optimum
thickness of the CO2 section. The simulation
process used to determine the optimum thickness
and details of each element in the proposed triple
glazing system 1is described in the following
sections.

¢ Vacuum section
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The elements of the vacuum section included in the
simulation were the two glass layers, vacuum gap,
support pillar, and edge sealing. Table 2 shows the
thermal and optical properties of the glass applied
in this simulation. A 3-mm thick low-conductivity
glass was used, and Surface 3 in Figure 1 was
coated with a low-emission material. The optical
properties of the outdoor facing Surface 6 and
indoor facing Surface 3 of the glass are respectively
described by Tsol,1 and Tsol,2, which represent the
solar radiation transmittance, Rsol,1 and Rsol,2,
which represent the solar radiation reflectance,
Tvis,1 and Tvis,2, which represent the visible light
transmittance, Rvis,1 and Rvis,2, which represent
the visible light reflectance, and Emis.1 and Emis.2,
which represent the surface emissivity [40].

Table 2. Thermal and optical properties of the
glass applied in the proposed glazing system

Field Input value

Type Low-emission glass
Thickness 3 mm

Height 1,000 mm

Conductivity  0.14 (W/m-K)

Tsoll 0.362
Solar Tsol2 0.362
radiation Rsoll 0.553
Rsol2 0.543
Optical Tvisl 0.652
characteristics Tvis2 0.652
Visible rays
Rvis] 0.260
Rvis2 0.288
Emis. 1 0.038
Emissivity
Emis.2 0.760
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A 0.2-mm thick vacuum gap was used as suggested
in a previous study [18]. Note that because current
vacuum glazing methods can only achieve a 99.9%
vacuum state, the vacuum gap will always contain
a very small amount of air. The vacuum gap also
includes a support pillar to prevent damage to the
glazing that can result from the pressure difference
between the atmosphere and the vacuum [42].
Therefore, although in theory vacuum gaps
themselves do not transfer heat other than through
radiation, small quantities of heat are transferred
through the remaining air and support pillars in
such actual glazing systems. Based on this
theoretical background, the properties of the
vacuum gap applied in the simulation are shown in
Table 3.

Table 3. Simulated properties of the vacuum gap

Field Input value
Thickness 0.2 (mm)
Molecular weight of air 28.97 (mol)
Pressure 0.1332 (Pa)

Gap heat transfer 0.106787 (W/m2-K)

Type Circular
S 1t
.uppo Radius 0.2 (mm)
pillar
Spacing 30 (mm)

Table 4 describes the properties of the edge sealing
material used to seal the vacuum gap. In the most
common edge sealing method, the vacuum gap was
sealed by soldering. However, a new indium edge
sealing technology for vacuum gaps has been
developed to address the disadvantages of the
soldering method [42]. Therefore, indium was used
for the edge sealing of the vacuum section in the
simulation.

Table 4. Properties of the vacuum gap edge sealing
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Width Hight  Conductivity
Type Material
(mm) (mm) (W/m-K)

Solid Indium 0.2 15 83.7

* CO2 section

The elements of the CO2 section included in the
simulation were a single glass layer, the CO2 gap,
and edge sealing. The same glass properties applied
to the vacuum section were applied to the CO2
section. Table 5 provides the thermal and physical
properties of the CO2 gas used in the simulation.
These values were obtained at standard
atmospheric pressure; the essential values for the
simulation are the conductivity, viscosity, and
specific heat coefficients according to temperature
change, as well as the molecular weight and Prandtl
number [40].

Table 5. Thermal and physical properties of
CO2 gas at standard atmospheric pressure

Field Input value

. . Carbon dioxide
Type of insulating gas

(CO2)

Molecular weight (mol/g) 44.010

Pressure (Pa) 101,325

Prandtl number 0.7808

kcoz 0.014567

Conductivity Al (W/m-K) 0.00037

coefficients Bl (W/m-K2) 0.00002954

Cl1 (W/m-K3) 0.00000008

Hcoz 0.000014

Viscosity A2 (kg/m-s) 0.00000116

coefficients B2 (kg/m-s-K) 0.00000006

C2 (kg/m-s-K2) 0

Specific heat Ceo2 827.73413
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coefficients A3 J/kg-K) 558.8
B3 (J/kg'K2) 1.04960001
C3 (J/kg'K3) 0.00023876

Based on ISO 15099, the conductivity (kco2 ),
viscosity (Ucp2), and specific heat (Ccp,) of the
CO2 gas in the cavity of the glazing system can be
calculated using the following temperature
functions, respectively [43,44]:

kCOZ :Al +Bl'T+C1'T2, (1)
Hcor = Ay + By T +Cy - T?, (2)
CCOZ :A3 +B3'T+C3'T2, (3)

where T is the temperature in degrees Kelvin and
A, B, and C are the experimental coefficients.

Table 6 describes the properties of the edge sealing
material used to seal the CO2 gap. The
conventional sealing material for a glazing system
with an insulating gas gap is an aluminum bar that
includes a desiccant. However, recent studies have
developed novel sealing technologies using non-
metallic and low conductivity materials such as
silicone, acryl, polyisobutylene (PIB), or ethylene
propylene diene monomer (EPDM), which has
been found to improve the rigidity of the edge
section in glazing systems due to its superior
durability under solar radiation and good adhesion
to glass surfaces [45]. According to the results of
these studies, an EPDM rubber form was used for
CO2 gap edge sealing in the present study.

Table 6. Properties of CO2 gap edge sealing

Height Conductivity
Type Material
(mm) (W/m-K)

Super spacer Flexible

15 0.18
standard EPDM* form

* EPDM: Ethylene propylene diene monomer

2.2 Methods
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* Modeling the hybrid triple glazing

In order to determine the optimum thickness of the
proposed hybrid triple glazing system, the
optimum thickness of the vacuum section and CO2
section each need be determined. The thickness of
the vacuum section was set to 6.2 mm according to
the results of previous studies [14—20]. In order to
determine the thickness of the CO2 section, the
thicknesses of the glass and the CO2 gap were each
increased in 1 mm increments in the simulation
while the thickness of the vacuum section was
maintained, as shown in Figure 2. The thickness
range evaluated for the glass was 1-10 mm, the gap
range evaluated for the CO2 gap was 1-12 mm, and
each glass thickness was evaluated for each gap,
resulting in a total of 120 simulation cases, defined
in Table 7.

(Various glass)
I mm 2 mm 3 mm 10 mm

‘
Varjous | Various |

glass | CO2 gap | Combination \

L]
}6.2mm} I mm 2 mm 3 mm 12 mm
(Fixed) (Various CO, gap)

i L
r T

Figure 2. Simulation conditions to determine
the optimum thicknesses of the CO2 section
gap and glass layer

Table 7. Simulation cases for determining the
optimum thickness of the CO2 section

Thickness of glass (mm)

1 2 3 4 5 6 7 8 9 10

1 C1 C.13 C.25 C.37 C49 C.61 C.73 C.8 C.97 C.109
2 C2 C.14 C.26 C.38 C.50 C.62 C.74 C.8 C.98 C.110
3 C3 C.15 C.27 C39 C51 C.63 C.75 C.87 C.99 C.111
4 C.4 C16 C.28 C.40 C.52 C.64 C.76 C.88 C.100C.112

C.5 C.17 C.29 C.41 C.53 C.65 C.77 C.8 C.101C.113
6 C.6 C.18 C.30 C.42 C.54 C.66 C.78 C.90 C.102C.114
7 C.7 C.19 C.31 C.43 C.55 C.67 C.79 C.91 C.103C.115

8 C.8 C.20 C.32 C.44 C.56 C.68 C.80 C.92 C.104C.116
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9 C.9 C.21 C33 C.45 C.57 C.69 C.81 C.93 C.105C.117
10 C.10 C.22 C.34 C.46 C.58 C.70 C.82 C.94 C.106C.118
11 C. 11 C.23 C.35 C.47 C.59 C.71 C.83 C.95 C.107C.119

12 C.12 C.24 C.36 C.48 C.60 C.72 C.84 C.96 C.108 C.120

C.: Case

Figure 3 illustrates the process of modeling and
deriving the results for a 1,000-mm tall hybrid
triple glazing system using the THERM and
WINDOW software package. First, the “Underlay”
function of the software was used to import a DXF
file of the glazing design to accurately capture
glazing shapes and dimensions. Next, the
WINDOW program was used to determine the
material properties required by the THERM
program, which then used the defined shape and
materials to design the glazing system. Once the
design of the hybrid triple glazing system was
completed, boundary conditions for the indoor and
outdoor surfaces of the glazing were entered in
order to calculate the Ug value of the system in
THERM. The outdoor-facing Surface 1 of the CO2
section (shown in Figure 1) was set to the outdoor
environment in the simulation, while the indoor-
facing Surface 6 of the vacuum section was set to
the indoor environment. Because the THERM and
WINDOW programs analyze the two-dimensional
heat flow between two completely different spaces,
it was assumed that heat transfer does not occur in
the vertical direction [40]. Therefore, the upper and
lower ends of the glazing were set to insulation
conditions.

The indoor Surface 1 of the glass was divided into
a glass edge region that had a large temperature
change due to the considerable heat flow at the
edges and a glass center region that had a relatively
constant temperature. The Ug value was then
computed for these two regions [40]. The ranges of
the glass edge and center regions were defined
according to the Lawrence Berkeley National
Laboratory simulation manuals [40,41], which
state that although the vertical range of the edge
region varies slightly on the glass surface
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depending on the edge sealing material, it can
generally be defined as being 63.5 mm high.
Therefore, in the simulation, the vertical edge
region for indoor Surface 1 of the glass was set to
63.5 mm, with the remainder of the glass
constituting the center region.

L Glass 1 Adiabatic boundary
w GOz gap
- Glass 2
Outdoor boundary
— Vacuum gap

— Glass 3 |:> |:>

Indoor boundary

—— Super spacer
+— Indium spacer

Adiabatic boundary

A. Draw & underay B. Material application C. Boundary conditions

Figure 3. Simulation modeling process to
determine the CO2 section gap and glass
thickness

¢ Indoor and outdoor environmental conditions

Table 8 shows the indoor and outdoor
environmental conditions used to calculate the Ug
values. These conditions were taken from “KS
(Korean Standard) F 2278: Standard test method
for thermal resistance for windows and doors,”
which is the Korean domestic standard used to
calculate the Ug values of glazing systems [46].
The annual average solar radiation used for the Ug
value calculation was taken from Korea Standard
Weather Data [47].

Table 8. Environmental conditions for indoor
and outdoor glass surfaces

Convection
Air Wind heat Solar
temperature  velocity transfer radiation
coefficient

(°C) ms)  (Wm2K) (W/m2)

Indoor 20 1.2 8.8 -

Outdoor 0 4.2 21.2 558
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3. Results and discussion

Table 9 shows the Ug values for the 120 evaluated
cases of different CO2 section gas gaps and glass
thicknesses with a constant a 6.2-mm thick vacuum
section. In order to determine the optimum CO2
section thickness, the optimum CO2 gap and glass
thickness were determined separately from the data
as follows.

Table 9. Ug values of the proposed triple
glazing system according to the different CO2
gap and glass thickness cases evaluated

Thickness of glass (mm)

1 2 3 4 5 6 7 8 9 10

1 0.324 0.323 0.323 0.322 0.321 0.320 0.320 0.319 0.318 0.318

2 0.318 0.317 0.316 0.315 0.315 0.314 0.313 0.313 0.312 0.311

3 0311 0311 0.310 0.309 0.309 0.308 0.307 0.307 0.306 0.306

4 0.306 0.305 0.304 0.304 0.303 0.303 0.302 0.301 0.301 0.300

5 0.300 0.300 0.299 0.298 0.298 0.297 0.297 0.296 0.295 0.295
CcO2

aap 6 0.295 0.295 0.294 0.293 0.293 0.292 0.292 0.291 0.290 0.290

(mm)7 0.290 0.290 0.289 0.289 0.288 0.288 0.287 0.286 0.286 0.285
8 0.286 0.285 0.285 0.284 0.284 0.283 0.282 0.282 0.281 0.281
9 0.282 0.281 0.280 0.280 0.279 0.279 0.278 0.278 0.277 0.277
10 0.278 0.277 0.277 0.276 0.275 0.274 0.274 0.274 0.273 0.273
11 0.278 0.277 0.277 0.276 0.275 0.274 0.274 0.274 0.273 0.273

12 0.278 0.277 0.277 0.276 0.275 0.274 0.274 0.274 0.273 0.273

3.1 Determining the CO2 gap

Figure 4 shows the change in Ug value for different
CO2 gaps from 1 mm to 12 mm according to the
thickness of the glass in the CO2 section with a 6.2-
mm thick vacuum section. In previous studies, the
Ug value reduction rate with increasing insulating
gas gap has exhibited a tendency to decrease when
approaching the inflection point, which is often
expressed within a certain range. However, in this
study, for all glass thicknesses, the Ug value can be
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observed to initially decrease rapidly in near linear
fashion with increasing CO2 gap, and when the
CO2 gap reaches 10 mm, the Ug value curve
immediately turns horizontally, indicating a clear
inflection point after which there is almost no
change in the Ug value with increasing CO2 gap
for any glass thickness. Accordingly, it was
determined that a CO2 gap of 10 mm would be
most reasonable.

0.33

—lmm —2mm —3mm 4mm —5mm
—6mm —7mm —8mm —9mm —I10mm

032

4
€ 0.31
% 0.30
E
2029 Inflection point

=
0.28

0.27

1 2 3 4 5 6 7 8 9 10 11 12
CO2 gap (mm)

Figure 4. Change in Ug value with CO2 gap

according to glass thickness

3.2 Determining the CO2 section glass thickness

Figure 5 shows the Ug value reduction ratio for
different glass thickness from 1 mm to 10 mm
evaluated for CO2 gaps between 1 mm and 10 mm
with a 6.2-mm thick vacuum section. The Ug value
for 1-mm thick glass decreased 14.20% as the
thickness of the CO2 gap increased from 1 mm to
10 mm. The Ug values for glass layers 2—10 mm
thick decreased between 14.11% and 14.38% as the
CO2 gap increased from 1 mm to 10 mm, with the
6-mm and 7-mm thick glass showing the greatest
reduction in Ug value of 14.38%. Therefore, the
optimum glass thickness was identified to be either
6 mm or 7 mm.
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Figure 5. Ug value reduction ratio for different
glass thicknesses when increasing the CO2 gap
from 1 mm to 10 mm

3.3 Optimum thickness and Ug value of the
proposed hybrid triple glazing system

Figure 6 shows the final design of the proposed
hybrid triple glazing system. The vacuum section
is 6.2 mm thick, including two 3-mm thick glass
layers and a 0.2-mm vacuum gap, and the CO2
section is 16—17 mm thick, including a 6-mm to 7-
mm thick glass layer and a 10-mm CO2 gap. The
total thickness of the evaluated glazing system is
therefore 22.2-23.2 mm.

(Outside) (Inside)
Glass 1 Glass 2_Glass 3
6-7 mm Glass —— 3 mm Glass
10 mm 0.2 mm Vacuum gap
CO, gap -0.2 mm Support pillar
) 3 mm Glass
Thickness 10 mm,

Height 15 mm ‘ 0.2 mm Indium sealing

scaling !

16-17 mm 6.2 mm
22.2-23.2 mm

Figure 6. Optimum design for the proposed
hybrid triple glazing system

Table 10. Optimum thickness and Ug value for
the hybrid triple glazing system

Total
Thickness h().te; Ug value
Section  Element thickness
2-K
(mm) (mm) (W/m2-K)

Published by: The Mattingley Publishing Co., Inc.

March - April 2020
ISSN: 0193-4120 Page No. 4073 - 4089

Glass 3 3.0
Vacuum Vacuum 0.2 6.2
gap
Glass 2 3.0 0.274
CO2 gap 10.0 16.0—
CcO2 17.0
Glass 1 6.0-7.0 '

Table 10 shows the Ug value and thickness
properties of the proposed hybrid triple glazing
system according to the final design based on the
results in Tables 7 and 9. For combinations C.70
and C.82 in Table 7, representing the 22.2-mm to
23.2-mm thick hybrid triple glazing system
consisting of a 6.2 mm thick vacuum section and
the 16-mm to 17-mm thick CO2 section described
above, the corresponding Ug value in Table 9 is
0.274 W/m2-K.

3.4 Comparison with Ug values of previous
studies

Figure 7 shows a comparison of the Ug values at
the center of previous glazing systems and of the
proposed hybrid triple glazing system. The Ug
value of the proposed hybrid triple glazing system
is clearly smaller than the Ug values of the
suspended, aerogel, PCM, electrochromic,
multilayer, photovoltaic, and self-cleaning glazing
systems by 0.006-0.926 W/m2-K. Furthermore,
the proposed glazing system provided a Ug value
just 0.034 W/m2-K higher than that of the triple
vacuum glazing system. Considering these results,
it is expected that the proposed hybrid triple
glazing system can be successfully used to improve
the thermal performance of windows as it exhibits
a thermal performance comparable to an existing
vacuum glazing system. If the proposed hybrid
triple glazing system is fused with solar inhibition
systems such as shading, color coating, or
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electrochromic glazing, this system can be used to
considerably reduce building energy consumption.

1.5

~ 0.62 07

Aerogel

PCM
Electro

-chromic

E & E
E o5
g 98
> D>

Suspended
Multilayer
Photovoltaic
Self
-cleaning

Figure 7. Comparison of Ug values of the
proposed hybrid triple glazing system and
existing glazing systems

3.5 Improving the Ug value of the proposed
hybrid triple glazing system

The Ug value of the proposed hybrid triple glazing
system was found to be 0.274 W/m2-K, which is
better than most previously proposed glazing
systems. However, as shown in Figure 8, a
relatively large amount of heat was transferred
through the edge sealing part of the vacuum section
when compared with the other parts. This seems to
be caused by the fact that the edge sealing material
in the vacuum section was metal-based, using
indium. Indium is a very good material for edge
sealing in a vacuum gap because of its excellent
adhesion to glass at high temperatures [42].
However, because it has the high thermal
conductivity of a metal, its use results in an
increase in the Ug value of the glazing system,
degrading insulation performance. Therefore, in
order to improve the Ug value of the proposed
hybrid triple glazing system in future research, it is
recommended that efforts be focused on improved
vacuum edge sealing technology based on non-
metallic materials to reduce such heat transfer.
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A. Color flux magnitude view B. Color infrared view  C. Flux vector view

Figure 8. Heat flow through the edge sealing in
the vacuum section

3.6 Discussion

As determined in the above analysis, the optimum
thickness of the proposed hybrid triple glazing
system was 22.2-23.2 mm, and its corresponding
Ug value was 0.274 W/m2-K. To simply compare
the energy saving performance of the proposed
glazing system with that of previous glazing
systems, the energy demand of a sample room in
which each of the various glazing systems was
applied to the exterior wall was analyzed. Figure 9
shows the sample room in which a 4-m wide and
1.5 m-high glazing system was installed on the
southern exterior wall. The dates selected to
calculate the energy demand were 01 August
(0:00-23:00) for summer and 01 December (0:00—
23:00) for winter.

2500mm  1500m

la—

—4000mm
<+ 5000mm———————— >

S—

Figure 9. Sample room used to calculate the
energy usage according to glazing system
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Figure 10 shows the hourly outdoor temperatures
on the selected dates [47]. As shown in Table 10,
the indoor cooling temperature in summer was set
to 26 °C and the indoor heating temperature in
winter was set to 20 °C. It was assumed that the
operating hours of the cooling and heating units
were from 08:00 to 18:00. The hourly cooling and
heating load, as well as the associated energy
demand, can be calculated using, respectively:

Thi
Qg =Ug-Ag- [, " dT  (4)

Eday = Z:zé%go Qg,i “h Q)

where Qg4, Uy, and Ay are the heat loss (W), heat
transmittance (W/m2-K), and surface area (m2) of
the glazing system, respectively; Tp;qn and
T)ow represent the indoor or outdoor temperatures
according to the high-temperature and low-
temperature sides, respectively; Eqqy is the energy
demand during one day (kWh); and h is the steady
state duration, during which a constant temperature
was maintained. For the calculation of energy
demand, it was assumed that the outdoor
temperature was in a steady state (constant
temperature) during each hour shown in Figure 10.
Finally, it was assumed that there was no heat loss
from the room except through the glazing system.

=01 Aug. 2018 (Summer)  --01 Jan. 2018 (Winter)

ey
(]

98]
(==

—
w

<

Outdoor temperature (°C)

wn

0:00 2:00 4:00 6:00 $:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time (h)

Figure 10. Hourly outdoor temperature on 01
August and 01 January 2018

Table 10. Conditions for indoor cooling and heating

Indoor cooling temperature 26 °C
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Indoor heating temperature 20 °C

Unit operating hour 8:00-18:00

Tables 11 and 12 show the hourly energy demand
from 8:00 to 18:00 on 01 August (summer) and 01
January (winter), respectively, for each glazing
system type, and Figure 11 shows the total energy
demand combining the energy consumed under
summer and winter conditions. Clearly, the self-
cleaning glazing system exhibited the highest
energy demand (approximately 2.295 kWh). The
energy demands of the photovoltaic, multilayer,
electrochromic, PCM, Aerogel, and suspended
glazing systems were found to be 2.103, 1.339,
1.186, 0.956, 0.765, and 0.535 kWh, respectively.
Notably, the energy demand of the proposed hybrid
triple glazing system with CO2 and vacuum gaps
was found to be 0.524 kWh, which was lower than
the energy demands of all previously proposed
glazing systems except the triple vacuum glazing
system. Although the Ug value of the proposed
glazing system was approximately 0.034 W/m2-K
higher than that of the triple vacuum glazing
system, the proposed system still exhibited
excellent energy savings performance. Based on
these results, the authors plan to fabricate a
prototype of the proposed glazing system in the
future and conduct a pilot test to measure its actual
Ug value in accordance with the ISO 15099 and KS
F 2278 standards. Then, the prototype will be
installed in a building specially constructed for
experiments and the insulation performance,
energy performance, and energy cost reduction
provided by the proposed glazing system will be
investigated under actual summer and winter
weather conditions. In particular, as with vacuum
glazing systems that have been observed to exhibit
considerable discrepancies between experimental
and commercial glazing systems due to technical
limitations [2], the proposed glazing system is also
expected to exhibit discrepancies between the
results of theoretical evaluations and experimental
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tests. Therefore, as part of this future research, the
authors plan to identify the causes of any such
discrepancies between theoretical and actual Ug
values after the pilot test, and to propose solutions
to minimize such errors in the glazing system
production process.

Table 11. Hourly energy demand per summer
day according to type of glazing system

Electro Mult Photo-Self

Triple €02 &Suspende Aeroge i

Time vacuu vacuu P

d 1 chromi voltai cleanin
m m
c layer ¢ g
8:00 8.4 9.5 9.7 139 174 21.6 244 383 41.8
9:00 10.1 11.5 11.8 16.8 21.0 26.0 294 462 50.4

10:00 12.0 13.6 139 19.9 249 309 349 548 59.8

11:00 140 159 163 233 291 36.1 40.7 640 69.8

12:00 15.6 17.8 18.1 259 324 402 454 713 778

13:00 15.6 17.8 18.1 259 324402 454 713 778

14:00 16.4 187 19.2 274 342 424 479 752 821

15:00 16.4 187 19.2 274 342 424 479 752 821

16:00 154 17.6 18.0 257 321 39.8 449 706 77.0

17:00 14.1 16.1 165 235 294 365 412 647 70.6

18:00 12.1 13.8 14.1 202 252 312 353 554 605

Total
149.9 171.1 1749 249.8 §12. 3873 ;37' 687.1 749.5
(Wh)
Total
031 043
(kWhO.ISO 0.171 0.175 0.250 ) 0.387 7 0.687 0.750

)

Table 12. Hourly energy demand per winter
day according to type of glazing system

Electro Mult Photo-Self

Tripl 2
. riple CO &Suspende Aeroge i
Time vacuu vacuu PCM . . .
d 1 chromi voltai cleanin
m m
c layer ¢ g
105.
8:00 36.0 41.1 42.0 60.0 75.0 93.0 0 165.0 180.0
102.
9:00 35.0 399 408 583 729 904 ) 160.4 175.0
10:00 31.1 355 363 51.8 64.8 80.4 90.7 142.6 155.5
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11:00 28.7 327 33.4 47.8 59.7 740 83.6 131.3 1433
12:00 26.6  30.4  31.1 444 555 68.8  77.7 122.1 1332
13:00 25.3 289 29.6 422 528 655 739 116.2 126.7
14:00 23.5 26.8 274 39.1 489 60.6 68.5 107.6 117.4
15:00 245 279 28.6 40.8 51.0 632 714 112.2 1224
16:00 245 279 28.6 40.8 51.0 632 714 112.2 1224
17:00 26.2 299 30.6 437 54.6 67.7 76.4 120.1 131.0

18:00 27.6  31.6 323 46.1 57.6 714  80.6 126.7 138.2

Total
309.0 352.8 360.5 515.0 643. 798.3 901, 1416. 1545.1

(Wh)

Total
0.64 0.90

(kWh 0.309 0.353 0.361 0.515 4 0.798 | 1.416 1.545

)

= ® Summer ® Winter ® Total

25 :
Z 2.103 2295

g
g L5 hose L1ge 1339
= }

> 1.0 0.765

o 0.459 0.524 0.535
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Figure 11. Comparison of total energy demand
(summer + winter) according to type of glazing
system

4. Conclusions

This study was conducted to evaluate a proposed
hybrid triple glazing system with CO2 and vacuum
gaps as a technology to utilize CO2, a greenhouse
gas (GHG), in glazing systems, and to derive its
optimum thickness and Ug value. This study can be
summarized as follows.

1. The proposed hybrid triple glazing system is
divided into a vacuum section and a CO2
section. An optimum vacuum section
thickness of 6.2-mm was applied, including
two 3-mm thick glass panels and a 0.2-mm
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vacuum gap, according to the results of
previous studies. The CO2 section consisted of
one glass layer and one CO2 gap; this study
focused on deriving the optimum thickness of
this section. To determine the optimum
thickness of the CO2 section, the glass and
CO2 gap were evaluated over ranges of 1-10
mm and 1-12 mm, respectively. The 6.2-mm
thick vacuum section was then combined with
the glass and CO2 gap of the CO2 section to
evaluate 120 hybrid triple glazing systems of
different total thicknesses. The Ug values of
the 120 glazing systems were calculated using
the THERM and WINDOW simulation
programs, and then analyzed according to the
thickness of the glass and the CO2 gap.

When determining the optimum CO2 gap, the
Ug values of all hybrid triple glazing systems
initially decreased as the CO2 gap increased,
regardless of the thickness of the glass. When
the CO2 gap reached 10 mm, an inflection
point was observed after which the Ug values
no longer decreased, instead remaining
constant. In previous studies, the Ug value
reduction rate due to an increasing insulating
gas gap has shown a tendency to decrease as
the inflection point is approached, and the
inflection point is often expressed within a
certain range. In this study, however, the
inflection point was expressed as a single point
(10 mm) and the Ug value change rate was also
very well defined. This is because the change
in the CO2 gap thickness was set to a relatively
large interval (1 mm). In particular, there were
limitations in precisely analyzing the change
in the Ug value because the computational grid
of the THERM and WINDOW software was
relatively large. Therefore, a more precise
analysis of the optimum CO2 gap is necessary
to compare the actual data from future
experiments with analysis data.

In the analysis of the optimum CO2 section
glass thickness, when the 6.2-mm thick
vacuum section was combined with the 1-mm
thick glass and 1-mm thick CO2 gap, the Ug
value of the hybrid triple glazing system was
0.324 W/m2-K. When the 6.2-mm thick
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vacuum section was combined with 1-mm
thick glass and the optimum CO2 gap of 10
mm, the Ug value of the triple glazing system
decreased by approximately 14.2% to 0.278
W/m2-K. For the same change in CO2 gap
using glass thicknesses between 2 and 10 mm,
the 6-mm and 7-mm thick glass exhibited the
largest Ug value reduction rate of
approximately 14.38% from 0.320 W/m2:-K to
0.274 W/m2-K. Therefore, it was determined
that the most effective glass thickness when
combined with the optimum CO2 gap of 10
mm is between from 6 mm and 7 mm. The
other glass thicknesses were determined to be
inefficient in terms of the Ug value reduction
rate.

4. Based on these results, it was determined that
the optimum thickness of the proposed hybrid
triple glazing system is between 22.2 mm and
23.2 mm, combining the 6.2-mm thick
vacuum section, 10-mm CO2 gap, and 6-mm
to 7-mm thick glass layer. The Ug value of this
configuration was 0.274 W/m2:-K. It is likely,
however, that the optimum thickness of the
CO2 gap will need to be slightly adjusted
depending on the results of future
experiments. Therefore, the total thickness of
the glazing system and its Ug value will
probably change slightly depending on the
results of these future experiments.
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