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A B S T R A C T

The notion at which, nowadays, building sector is being recognized to be nearly zero-energy buildings (NZEBs)
relies partly on the thermal performance of its fabric insulation. Vacuum glazing (VG) technology attracted the
research interest as an option to reduce heat loss through windows. However, the total glazing thermal trans-
mittance (U-value) for VG increases with the use of smaller glazing size due to the edge-seal effects, due to the
thermal short-circuit around the edges, and the overall construction cost of it leading to an unaffordable option to
deal with energy conservation of buildings. Therefore, this study aims to propose a new structured core transpar-
ent vacuum insulation panel (TVIP) to accomplish insulation for the windows without edge sealing effect, with
lower cost, and can be easily retrofitted to the conventional windows of the existing buildings. To do this, VG
and TVIP were constructed and their thermal conductivity were measured using heat flow meter apparatus. In
addition, a 3D finite volume model considering the effect of vacuum surface to surface radiation, gas conduction,
and thermal bridges through the spacer material and sealing material is developed. The model is validated with
the experiments and with the data for VG in the literature. The effect of an increase of vacuum pressure is simu-
lated and the vacuum deterioration problem and the glazing size on the insulation performance of both VG and
TVIP were investigated. The results indicate that for a smaller glazing area of less than 30 cm × 30 cm, the TVIP
accomplished lower U-value compared with the VG at vacuum pressure of 0.1 Pa and 1 Pa. While, at a vacuum
pressure of 10 Pa, the TVIP attained a lower U-value over the entire range of glazing sizes. Further, the edge-seal
effect in the VG is diminished with the use of TVIP. Furthermore, the material cost per unit area of the TVIP is
three times less than the cost of VG at laboratory scale. The results of the current study can guide vacuum win-
dow designers and researchers to further enhance the performance of TVIP based window to compete for the VG
in the markets.

Nomenclature

k thermal conductivity [Wm−1K−1]
lv VIP thickness [m]
P pressure [Nm−2]
q heat flux either on the hot or the cold side of the VIP

[Wm−2]
T temperature [o C]
h convection heat transfer coefficient from either the

cold or hot side of the glazing’s [Wm−2K−1]
S source term in the energy equation [Wm−3]
U thermal transmittance [Wm−2K−1]

Greek symbols

Δ difference
δ thickness [m]
ko air thermal conductivity [Wm−1K−1]
kv vacuum space thermal conductivity [Wm−1K−1]
Subscripts

c cold side of the VIP
g glass
∞ free stream
v VIP
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CPP cast polypropylene
FEM finite element model
FVM finite volume model
HFM heat flow meter.
HSS heat seal strength
MTP moisture transmission rate
OTR oxygen transmission rate
PA polymide
PET polyethylene terapthalate
PLC programmable logic controller
SE silica evaporated
TVIP translucent vacuum insulation panel
VG vacuum glazing
VIP vacuum insulation panel

1. Introduction

The notion at which, nowadays, building sector is being recognized
to be nearly zero energy buildings (NZEBs) relies partly on the ther-
mal performance of its fabric insulation (Brambilla et al., 2018). Cor-
respondingly, glazed windows play an imperative part in terms of al-
lowing natural daylighting (Memon and Eames, 2017) with the con-
sequences of the space-heating loss in hot-arid and space-cooling loss
in cold-arid climates. The advancements and integration of progressive
vacuum insulation technologies are one of the realistic solutions in mak-
ing the domestic and commercial buildings to NZEBs and/or zero en-
ergy buildings (ZEB). This because, the energy consumption in build-
ings is increasing very fast. In addition, the consumption of energy in
buildings has exceeded the industrial and traffic energy consumption in
the developed countries (Zhu et al., 2020). In more details, around
40% of the global primary energy is consumed by buildings and con-
tribute to around 30% of carbon dioxide emissions (Pérez-Lombard
et al., 2008). Among building services, the energy consumption by
HVAC systems is particularly significant which represent around 50%
of the building energy consumption and around 20% of the total en-
ergy consumption in some developed countries (Pérez-Lombard et al.,
2008). Normally, the high energy consumption by HVAC system is a
linked with poor thermal insulation for the building structure includ-
ing walls, and transparent facades. However, the normal structure of the
building exterior walls has a thermal transmission coefficient (U-value)
ranging from 0.047 to 0.11 Wm−2K−1, while the standard U-value was
0.282 Wm−2K−1 (Kisilewicz et al., 2019). The lower U-value for ex-
terior walls can be accomplished using opaque vacuum insulated pan-
els (VIP) through the wall structure (Johansson et al., 2014). On the
other hand, transparent facades including windows are suffering from
high U-value of 5.7 Wm−2K−1 for 6 mm thick glazing’s (Huang et al.,
2020). Further, developing buildings with large glazing’s exterior fa-
cades nowadays makes the high thermal insulation for windows a cru-
cial issue. Therefore, thermal insulation methods for windows including
vacuum glazing (VG), double glazing with air gap, triple vacuum glaz-
ing, and air-vacuum layered triple glazed windows are gaining popular-
ity nowadays (Fang et al., 2020).

Glazing facades and windows visually connect the building interiors
to the outdoor environment to promote resident relaxation and keep a
comfortable daylight (Ghosh and Norton, 2018). One of these glaz-
ing’s is vacuum glazing’s VG. The VG consists of two panes of glass
separated by an evacuated gap at very low pressure less than 0.1 Pa.
These two glass panes were supported with a very tiny pillars nor-
mally made of stainless steel and hermetically sealed (Memon et al.,
2019). These VG proved its low U-value between 1.1 Wm−2K−1 and
0.8 Wm−2K−1 at a pressure of 0.1 Pa (Fang et al., 2014). However, it
partly suffers from the edge-effects (Fang et al., 2009b). The edge ef

fect occurs due to the thermal short-circuit around the edges. This
caused because of using high thermal conductive edge sealing made
from indium alloy, as example, with thermal conductivity around 83.7
Wm−2K−1(Fang et al., 2014). The edge effect is inversely proportional
to the size of glazed window that’s why the center-of-pane U-value is
lower than the total glazing U-value (Eames, 2008). Due to the com-
plexity of achieving the hermetic-edge seal (Memon et al., 2015; Zhao
et al., 2007), the construction cost of vacuum glazing still a big issues.

Table 1 summarizes the recent investigations related to enhancing
the insulation performance of the VG. The table gives information about
the recent VG dimensions, research direction and conclusions. Among
these investigations, some points can be concluded. First, the thermal
bridge through the sealing material increases with the increase in the
sealing edge width and with decreasing the glazing dimensions. This
mean that the U-value for the small windows increases because of the
edge sealing. Second, the common investigated sizes of the VG ranging
from small sizes of 0.2 m × 0.2 m to 1 m × 1 m. Third, the common
vacuum gap thickness is attained by the support pillars with height rang-
ing from 0.12 to 1 mm. Forth, keeping the vacuum for a long lifetime
and decreasing the manufacturing process and cost are crucial issues fac-
ing the VG manufacturing (Chuntonov et al., 2018). Finally, the 3D
model is more accurate for estimating the U-value for the VG. In addi-
tion, finite volume model (FVM) for analyzing the VG thermal perfor-
mance is not commonly found in the literature. Therefore, a common VG
sample with the commercial dimensions, sealing material, glazing size,
and pillars is selected to be compared with a new translucent vacuum
insulation panel (TVIP) to overcome the problems that VG faces.

The conventional vacuum insulation panels (VIP) consists of an alu-
minum gas barrier film with opaque characteristics and solid core ther-
mal insulating material, which is usually kept inside this gas barrier film
and thermally sealed after evacuation (Alam et al., 2014). These VIP
have lower thermal conductivity ranges from 0.004 Wm−1K−1 in immac-
ulate conditions to conventional 0.008 Wm−1K−1 (Kalnæs and Jelle,
2014). The inner core material of the VIP is usually constructed with
an evacuated solid porous-core material such as fumed silica (Alam et
al., 2014), polycarbonates (Kwon et al., 2011), phenolic foam (Kim
et al., 2012), glass fibres (Di et al., 2013), and/or fibrous powder
(Mukhopadhyaya et al., 2009). The aluminum gas barrier envelope
maintains vacuum pressure of up to10 Pa (Choi et al., 2016) and min-
imizes the heat transfer by gaseous molecules and water vapors through
outside cover. This kind of super insulating material is commonly ap-
plied in the exterior surfaces of the buildings with different thickness
(Wang et al., 2015). Due to the non-transparent nature of the conven-
tional VIP, it cannot be applied for windows due to the window trans-
parency requirements.

The VIP sealing is completely easier than the VG. No sealing mater-
ial is required. Thermal sealing are most common. In addition, to ensure
vacuum stability, two layers of gas barrier films (Jung et al., 2014)
with getter adsorption material were used (Yang et al., 2018). Fur-
ther, the inner core material normally has a larger thickness sometimes
around 20 mm. This core material is fabricated from low thermal con-
ductivity material. This mean that the heat loss through the VIP still very
low even with a slight increase in the vacuum pressure. These advan-
tages encourage the researcher to find a new transparent vacuum insu-
lation panel (TVIP) to be attached for the glazing’s facades. This kind
of TVIP could also be easier to the retrofitting options for the existing
buildings. Therefore, to keep the VIP transparent, a transparent gas bar-
rier film must be used. In addition, the core material itself must be hol-
low or structured core as appear in this work for the first time in com-
parison with VG.

In this paper, an idea at which the possibility of making VIP translu-
cent or semi-transparent has made it possible to compare its ther

2



UN
CO

RR
EC

TE
D

PR
OO

F

T. Katsura et al. Solar Energy xxx (xxxx) xxx-xxx

Table 1
Summary of the recent VG investigations.

(Authors,
year) Study* Aim of the study

Detailed dimensions of the VG components
(mm)**

Simulation
model Findings

Exp. Th.
Vacuum
gap

Glazing’s
Length /
Width/
Thickness

Pillar
diameter
/spacing

Edge
sealing
width

(Zhu et
al.,
2020)

– ✓ The effect of edge sealing width, glass layer
thickness, width of insulation frame, pillars
spacing, and pillar material on the
performance insulation of the VG is
numerically investigated.

0.15 300–1000/
300–1000/
2–6

0.4/
from 30
to 50

10 FEM,
ANSYS,
3D

1- The U-value linearly in-
creases with increasing
the substrate glass thick-
ness, and the larger glaz-
ing size, the lower the in-
creasing rate.
For VG with size larger
than 1 m × 1 m, the U-
value hardly changes
with the glass thickness.
The U-value of the VG
decreases linearly with
decreasing in the sealing
edge width.
Increasing the support
pillar spacing and de-
creasing the thermal con-
ductivity of the support
pillars decreases the U-
value.
Including a glazing
frame effectively de-
creases the total glaz-
ing’s U-value.
The thermal insulation
frame does not affect the
center of pane tempera-
ture.

(Fang
and
Arya,
2019)

– ✓ Tempered glass is used in VG to reduce the
number of the support pillars in the
evacuated glazing.
Because the tempered glass is 4 to 10 times
stronger in the mechanical structure
compared with the traditional annealed
glass.

0.15 400/400/4
And 1000/
1000/4

0.4/50 6 FEM using
ABAQUS,
3D

1- The U-value of the VG
with emittance of 0.03 is
0.3 and 0.57 Wm −2K −1,
for tempered glass and
annealed glass respec-
tively. This is due to a re-
duction in the number of
the support pillars, lead-
ing to reduction in ther-
mal conduction bridge
through the through pil-
lars.
Increasing the glazing’s
dimensions from
0.4 × 0.4 m 2 to
1 × 1 m 2 decrease the
total glazing’s U-value
from 0.57 to 0.4
Wm −2K −1 and from
0.69 to 0.52 Wm −2K −1

for the tempered and an-
nealed glass respectively.
Due to decrease in the
heat conduction through
edge seal.
The center of pane U-
value is lower than the
total glazing U-value for
both glazing’s.
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(Son and
Song,
2019)

– ✓ 2D thermal and stress analysis were
conducted
to investigate the effect of various
geometrical parameters on the U-value and
concentration of stress caused by the pillars.

0.25–1 200/300/3 From 0.4
to 1/
From
10–40

0.4 FEM,
ABAQUS,
2D

1- Stress concentration
caused by Hertz contact
may cause fracture in the
glass panes. They recom-
mended three spacers to
avoid this. They recom-
mended to add an elas-
tomer layer between the
glass and the pillars to
avoid such fracture in
the VG.

Table 1 (Continued)

(Authors,
year) Study* Aim of the study

Detailed dimensions of the VG components
(mm)**

Simulation
model Findings

Exp. Th.
Vacuum
gap

Glazing’s
Length /
Width/
Thickness

Pillar
diameter
/spacing

Edge
sealing
width

(Memon,
2017)

✓ ✓ Cerasolzer CS186 alloy with J-B Weld
epoxy-steel resin were examined for edge
sealing of the VG.

0.15 300/300/4 0.3/24 10 FEM 1- The center-of-pane and
total glazing U-value of
the manufactured triple
VG are around
0.33 W m −2 K −1 and
1.05 W m −2 K −1, respec-
tively.

(Ghosh
et al.,
2016)

✓ – Outdoor evaluation of thermal and daylight
performance of a VG sample was
determined in a clear and sunny day,
intermittent day and overcast days.

0.2 350/200/3 20 NA NA 1- The VG average U-value
was 1.4 W/m 2 K.
Solar heat gain coeffi-
cient of VG sample var-
ied between 0.58 and
0.19.
The VG reduce 53% heat
loss compared to double-
glazing for the same area
with nearly equal heat
gain.
The internal daylight
was very slightly affected
because of fine pillars.

(Fang et
al.,
2009a)

✓ ✓ Thermal cycling test was undertaken. The
air temperature on one side of the sample is
kept at 22 °C while the other side air
temperature changed from −30 °C
to + 50 °C and back to −30 °C for 15 times.

0.15 400/400/4 0.4/25 6 FEM,
ABAQUS,
3D

1- It was concluded that be-
fore the cycling test, the
lateral heat conduction
account for more than 1/
3 of the total heat flow
in the VG. However, af-
ter thermal cycling, lat-
eral heat flow con-
tributes to less than 1/3
of the total heat flow for
the vacuum glazing be-
cause part of heat flows
through the residual gas.
The vacuum pressure
within the vacuum gap
increased from the negli-
gible level (less than
0.1 Pa) to 0.16 Pa.

(Fang et
al.,
2009b)

✓ ✓ A 2D and 3D model is developed for the VG
sample. In the 3D model

0.12 400/400/4
and 1000/
1000/4

0.4/25 6 FEM,
2D and 3D

1- The predicted difference
in the estimated U-value
between the 2D and the
3D models for the VG
was less than 3%.

* (Th : theoretical; Exp.: Experimental); ** (NA : not available or mentioned in the research work).

mal performance with VG. Therefore, the novelty of this study is based
on three main aspects. First, a new structured-core translucent vac-
uum insulation panel (TVIP) is designed and developed to innovate
the VIP and making it possible to resolve the complexity of the edge
seal and subsequent construction cost issues that VG faces. In addition,
the proposed TVIP can be attached as fixed curtains for the windows
of already built dwellings by attachment to the existing glazing. The

TVIP proposed in this study differs from the metalized film VIP. It
is manufactured from hollow polycarbonate frame encapsulated in a
translucent multilayered polymeric envelope to keep the panel element
semi-transparent. Second, the thermal transmittance (U-value) under
ASTM boundary conditions is performed for both VG and TVIP at dif-
ferent vacuum pressures and window sizes. This section gives a com-
plete guidance for the practicability of each insulation method based on

4
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the window sizes and its achievable vacuum pressures. In addition, it
elucidates the effect of vacuum deterioration on the insulation perfor-
mance of both systems. Third, a detailed 3D finite-volume (FV) heat
transfer model is developed and validated to conduct this comparison.
This model concurrently solves the heat transfer mechanisms in vac-
uum insulation systems. The model is very sensitive to core structure
design, vacuum gas conduction, and surface to surface radiation. The
model is validated with the experiments in this work and with the nu-
merical finite element model (FEM) reported in the literature. Estima-
tion of U-value and cost analysis were conducted for both VG and TVIP
systems per square meter of the unit.

Hence, the aim of this work is to computationally compares two dif-
ferent insulating methods. Each method has its own dimensions, design,
and manufacturing steps. These dimensions were defined based on the
structure design for each insulating method as given in (Fischer-Cripps
et al., 1995) for VG and in the authors’ earlier work (Yang et al.,
2018, 2017) for TVIP. These structure analyses were used to define
the detailed dimensions to keep the vacuum gap without glazing frac-
ture because of the high vacuum loads. Both the VG and TVIP were pro-
posed for glazing thermal insulation. However, a compression between
the thermal performance analysis and the cost analysis of these two dif-
ferent insulation systems at different glazing sizes and different vacuum
pressure were not appeared anywhere in the literature.

2. Design and construction of TVIP in comparison to VG

Typical VIPs are covered with aluminium envelope that restrict in-
novating VIP to be semi-transparent and cannot be suitable to replace
conventional windows. Vacuum glazing is slim and transparent but in-
corporates higher construction cost (Memon et al., 2019) and effects
of thermal short-circuit across the edges. Therefore, in this paper an at-
tempt of designing the translucent or semi-transparent vacuum insula-
tion panel (TVIP) is made in comparison to the vacuum glazing (VG)
as shown in Fig. 1. The first method, Fig. 1(a), typical VG, in which
two panes of glass separated by support pillars having the vacuum space
sealed around the edges with the edge-sealing material of indium al-
loy. The other method, as shown in Fig. 1(b), is a new structured core
with translucent barrier based vacuum insulation panel is attached to
the window of the existing buildings. This study compares the thermal
insulation performance of these two methods at different sizes of glazing
and at different vacuum pressure.

Fig. 2(a) show the detailed structure of VG with single layer of
vacuum. In this structure, a very small vacuum layer at the height

of 0.12 mm is kept in between two 4 mm thick panes of glass. To keep
this vacuum space, an array of very fine support pillars made of stain-
less-steel is used and uniformly spaced with 25 mm between every two
pillars. The distance between these pillars are optimized based on the
structure analysis conducted in the literature (Wilson et al., 1998).
Stainless steel pillars with a diameter of 0.4 mm is used (Griffiths et
al., 2006). To keep the vacuum for a very long period, the edges around
the glass sheets must be hermitically sealed. In this work, indium metal
sealing with width of 6 mm is used (Fang et al., 2014). These di-
mensions are kept constant during the comparison for all the finite-vol-
ume modelling cases. In this study, a square glazing, Lp = Wp, is used
with different sizes of 15 cm, 20 cm, 30 cm, 40 cm, 60 cm, 80 cm, and
100 cm. At high vacuum pressure, the heat transfer by gas convection
can be neglected and the gas conduction is decreased. The radiation
exchange is the most dominant factor in the VG technology at very
high vacuum pressure. Therefore, the two glass panes were coated with
low-emissive coating of 0.18 to decrease the radiation heat exchange be-
tween the two glass panes.

On the other hand, this work introduces another option for the ther-
mal insulation for glazing. In this method, a non-traditional translucent
vacuum insulation panel (TVIP) is manufactured with different trial pro-
duction methods (Katsura et al., 2019). This panel differs from the
traditional VIP. In the traditional VIPs, solid core structure with opaque
metalized gas barrier film is used. This kind of VIPs are used to accom-
plish thermal insulation for the walls with opaque characteristics. How-
ever, the current VIP has transparent gas barrier film with hollow struc-
tured core polycarbonate material to keep the vacuum. This panel is at-
tached to the glass layers of the windows of the existing buildings as
curtains. Therefore, retrofitting option can be easily accomplished. In
more details, the structure and dimensions of this design is depicted in
Fig. 2(b). It consists of a new 3D printed polymeric frame. In this struc-
tured core frame, the dimensions of the vacuum spacing, D and thick-
ness were defined based on the structure analysis developed by (Yang
et al., 2017). To decrease the heat exchange between the two sides of
vacuum space, a low emissive film with emissivity of 0.28 is used on
one side of the VIP. Further, to keep the vacuum inside the structure for
a long time, a sealed edge is thermally performed as detailed in later
sections. These TVIPs are constructed in this paper with the required di-
mensions and attached to the existing single layered glass windows. The
layer structure and thicknesses of the translucent gas barrier film used
in the TVIP is depicted in Fig. 2(c), it shows the air transmission rate,
moisture transmission rate, and heat seal strength. These parameters are
essential for the simulation of the stability of the vacuum pressure and
its ageing effects.

Fig. 1. Schematic diagram detailing the real field application of (a) Vacuum glazing (VG) and (b) proposed translucent vacuum insulation panel (TVIP) as a replacement to glazed window.
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Fig. 2. Detailed structure of (a) VG, (b) TVIP glazing, and (c) structure of the transparent gas barrier film used in the TVIP.

2.1. Experimental setup

The experimental setup in this paper is only used for estimating the
centre of pane thermal conductivity. The measured value is used to val-
idate the numerical finite-volume model which is then used to extend
the study at different vacuum pressure and glazing sizes thermal perfor-
mance. The experimental setup developed for this paper is a cost-effec-
tive method by saving the material consumption in experiments. The ex-
periment starts with sample construction, and then followed with ther-
mal conductivity measurements.

In VG sample, the construction steps, displayed in Fig. 3(a), were
started with cleaning the two panes of glass using water followed by
acetone and then drying using oven at the temperature of 120 °C. Then,
pump-out hole with 2 mm diameter is drilled for the purpose of evac-
uation. This hole is located at 75 mm from the corner of the glazing.
A 6 mm wide layer of indium layer was soldered around the periphery
on the coated sides of both glass panes. The support pillars were lo-
cated on the lower glass pane using a vacuum wand. To accomplish a
very fine vacuum space in the VG sample, an array of very fine stain-
less-steel support pillars with height of 0.12 mm is placed on one glass
pane and uniformly spaced with 25 mm between every two pillars. And
by placing the other top glazing layer, the vacuum layer with a vac-
uum thickness equal to the pillar’s height can be accomplished (Fang
et al., 2014). Then the sample was heated up to 2 h in oven to join
the two panes of glass. Further, steel reinforced epoxy was used around
the panel edges to enhance the mechanical stability of the main edge
seal. After that, the sample was placed on hot plate to allow the pane
heating during the evacuation. The evacuation is simultaneously per-
formed during the heating using the vacuum system with the use of vac

uum cup as show in Fig. 4(a). After reaching the desired vacuum pres-
sure, the pump-out hole was sealed using the vacuum cup which has a
cartridge heater to melt the sealing material fixed inside it.

On the other hand, the TVIP is constructed following the steps in
Fig. 3(b). These steps start with keeping the TVIP materials inside oven
at temperature of 70 °C for 24 h. This allow releasing the outgassing’s
from the structure materials of the VIP. Then the frame structure with
the low emissive film are kept inside three-sided sealed transparent en-
velope. Three edges of the envelope were sealed using vacuum sealing
machine with thermal sealing width of 8 mm. And low-emissive film
used in this work has emissivity of 0.28 and 0.77 for its faces. The lower
emissivity is kept towards the vacuum space. The frame structure and
the low-emissive film were put in the gas barrier envelope. Then the
full structure is evacuated and after reaching the vacuum pressure us-
ing the evacuation system shown in Fig. 4(b). During the evacuation,
the thermal conductivity of the TVIP sample is measured to be used for
the numerical model validation. Commercially, indium edge sealing is
mostly used in the VG. This sealing material has a thermal conductivity
of 87.3Wm−1K−1. This significantly contribute to increasing the glazing
U-value specially at lower sizes of the glazing. Therefore, in the new de-
sign of the TVIP, transparent gas barrier film is used to hold its compo-
nents. In addition, thermal edge sealing is performed.

After the successful construction of VG sample, the thermal conduc-
tivity measurements were conducted using the schematic representation
in Fig. 4(c). In Fig. 4(c), heat flow meter (HFM) apparatus is shown
and is used to measure the centre of pane thermal conductivity of VG
and TVIP samples. The thermal conductivity of the sample is measured
based on the following equation given in the manufacturing datasheet: -
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Fig. 3. Detailed construction steps of (a) VG and (b) TVIP glazing.

(1)

where; ksample, qh, qc, ΔT are the pane thermal conductivity in
(Wm−1K−1), heat fluxes measured by two heat flux sensors one the hot
and the other on the cold sides of the sample in (Wm−2), and controlled
temperature difference on the sample sides. The HFM apparatus has the
facility to measure these parameters by controlling the temperatures of
the hot and cold side of the sample along with the sample thickness with
high accuracy. For the HFM apparatus, the maximum width of the sam-
ple must not exceed 20 cm. Therefore, the experimental samples were
manufactured with dimensions of 20 cm by 40 cm for the VG and 15 cm
by 15 cm for TVIP sample. Then the numerical model is validated with
the experimental results for these dimensions and then analysis was con-
ducted by increasing the dimensions of the samples by the numerical
simulation. The detailed dimensions of the compared samples are de-
picted in Table2.

2.2. Theoretical analysis

In vacuum glazing technology, the vacuum pressure must be be-
low 0.1 Pa. Due to ageing effect or degradation, an increase of vac-
uum pressure increases the sample thermal conductivity. Further, the
heat transfer mechanisms in vacuum technologies depends on decreas-
ing the gas convection effect. The heat transfer mechanisms in the vac-
uum devices can be divided into four portions. The first portion is ra-
diation heat exchange between the cold and hot side of the vacuum re-
gion through the vacuum space. The second and third portions are the
heat conduction through the skeleton of the core structure, and through
the gas conduction. And fourth, the heat transfer through the gas con-
vection (Baetens et al., 2010). To improve the insulation capabili-
ties of the vacuum insulation system, all these portions must be de-
creased. However, at high vacuum level, the mean-free path between
the gas molecules increases at least 100 times than the vacuum gap size
and can be disregarded in the calculation (Arya et al., 2018; Kwon

et al., 2009). Hence, the current problem contains a coupled conduc-
tion radiation heat transfer. The 3D heat conduction equation for the
solid regions including the glass panes, pillars, and edge sealing for the
VG and frame with the glass layer with 3 mm in TVIP were coupled with
the surface to surface radiation model. The current model adopt the fol-
lowing assumptions:-

a) Steady state thermal analysis is conducted.
b) The gas convection effect can be neglected within the simulated vac-

uum pressure (Arya et al., 2018).
c) The thickness of the Low-emissive films is not considered in the con-

duction heat transfer due to the smaller thickness. However, it’s very
low emissivity is considered in the radiation exchange which is a
dominant factor.

d) The heat conduction through the very thin envelope of the TVIP is
neglected.

e) The thermal contact resistances between each layer in the VG and
TVIP structure is not considered.

f) The materials are assumed isotropic with uniform thermal conduc-
tivity in all the directions.

For steady state 3D heat conduction with radiation source term, AN-
SYS FLUENT solves the energy equation as follows (“ANSYS FLUENT
Theory Guide,” 2011):-

(2)
where; T is the element temperature, k is the element thermal conduc-
tivity, and S is a source term. This term is added to consider the ef-
fect of the radiation exchange in the vacuum space (“ANSYS FLUENT
Theory Guide,” 2011). This equation is also solved for the solid re-
gions in the computational domain but without radiation heat source.
Further, in some of the recent investigations, it is assumed that the gas
conduction effect can also be neglected at very high-vacuum pressure.
However, to include this parameter in the current calculations, the gas
thermal conductivity is considered as a function of the pressure, tem
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Fig. 4. Detailed experimental setup used for (a) evacuating the VG, (b) evacuating of TVIP with thermal conductivity measurement, and (c) HFM apparatus for measuring the samples
thermal conductivity.
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Table 2
Dimensions of the VG and TVIP sample.

Sample Dimension
Value
(mm) Dimension

Value
(mm)

VG S 25 dP 0.4
δs 6 δv 0.12
δg 4 δVG 8.12

TVIP Δ 1 δTVIP 6.33
δg 3 D 8

The length and width Lp = Wp = 15, 20, 30, 40, 60,
80, and 100 cm

perature, and vacuum thickness (Kim and Song, 2013). However, to
neglect gaseous conduction, the gas pressure must be less than 0.1 Pa. In
this work, the air thermal conductivity in the vacuum space at different
pressure, temperature and pore size is calculated as follows:

(3)

where T, lv, and P are the gas temperature in K, vacuum layer thickness
in m this values are 0.00012 m and 0.003 m for VG and TVIP system
respectively, and gas pressure in Pa respectively. In addition, ko is the
air thermal conductivity at the room temperature and pressure which is
about 0.026 W/m. K.

To predict the radiation effect in the VG and TVIP, coupling the
heat conduction with the surface to surface (S-S) radiation is accom-
plished using commercial software ANSYS. This model defines all the
faces contributing in the surface to surface radiation and calculates the
view factor these surfaces. The surfaces contributing in the radiation
were the surfaces in direct connection to the vacuum regions (“AN-
SYS FLUENT Theory Guide,” 2011). The radiation energy exchange
these surfaces depends on their size, separation, and orientation. These
parameters were used to estimate the view factor between these sur-
faces. It was calculated using ANSYS fluent the coordinates of these sur

faces from the design geometry. Therefore, the essential parameters to
estimate the view factor were defined based on the design geometry of
the vacuum device. The details, limitations of S-S radiation model can
be found in ANSYS theory guide (“ANSYS FLUENT Theory Guide,”
2011). The computational domain used in the current simulation is the
full scale of VG and TVIP window as depicted in Fig. 5(a) and (b) re-
spectively. The thermal conductivity of each layer in the VG and TVIP
window are summarized in Table 3.

2.3. Boundary conditions

In this study, ASTM standards for winter conditions were used
through the full simulation work of this paper as recommended by
(Fang et al., 2009b). In these boundary conditions, the indoor and out-
door ambient air temperatures were assumed constant at 21.1 °C and
−17.8 °C respectively (Memon et al., 2019). In addition, the convec-
tive heat transfer coefficients on the inside and the outside surfaces of
the window were set to be 8.3 and 30 Wm−2K−1 respectively. In more
details, in the VG, the outside boundary conditions are defined as con-
vective boundary with the ASTM conditions. However, to include the
effect of the Low-emissive coating, the emissivity of the interior glass
walls in contact with the vacuum region is defined to be 0.18 for VG on
both sides of glass panes. However, it is defined by 0.28 for one side in
the TVIP window. This because only one sheet of Low-emissive film is
used on one side near the hot side of the TVIP. Further, the peripheral
sides of the VG and TVIP are assumed to be adiabatic due to the smaller
thickness of the panes compared with the surface area. The thermally
coupled boundary conditions is used at all interfaces. In this case, the
temperature on these interfaces and the heat transfer rate is the same.
Mesh independent test is performed to confirm that the results are inde-
pendent on the number of elements. The number of elements used for
the simulation changes according to the computational domain size. For
instance, it is noticed that for 15 cm × 15 cm window, a total number
of elements of 2,964,263 and 1,038,336 are used for the simulation of
the VG and TVIP window respectively. The mesh details for the VG and
TVIP are illustrated in Fig. 6(a) and (b), respectively.

Fig. 5. Computational domain layers of (a) VG, and (b) TVIP, (note: the computational domain displayed in a separated parts to show the detailed structure, but these parts are connected
in the simulations).
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Table 3
Thermal conductivities of the layers used in the simulation.

Glazing type Material
Thermal
conductivity

VG Coated
glass
pane

1
Wm −1K −1

Pillars 20
Wm −1K −1

Sealing
material

83.7
Wm −1K −1

TVIP 3 mm
glass
pane

1
Wm −1K −1

Frame
structure

0.2
Wm −1K −1

2.4. Numerical methods

This simulation work is conducted, using a licensed version of ANSYS
19.2. In this simulation, surface to surface radiation model, S-S model,
is activated. The solution steps started with creating the 3D computa-
tional domain with the full scale. This step is performed using Design-
Modular tool. In this step, multizone approach is used. In multizone
approach, the computational domain is separated into several zones to
enable us to control the meshing, properties, and the boundary condi-
tions of each zone separately. This idea is very efficient for the appli-
cations with very fine zones in large computational domains like very
fine pillars with 0.12 mm height in a large domain with 1 m by 1 m
area. Then, the interfaces between each zone and the adjacent zones
were thermally coupled. This enable sharing the temperatures and heat
fluxes on these interfaces. After that, the computational domain was
divided into several elements in the meshing tool. This step is per-
formed by defining the element size, and element shape. The mesh de-
tails for both VG and TVIP is displayed in Fig. 6(a) and (b) respec-
tively. Then, the generated mesh is exported to Fluent solver. In Fluent,
the heat flow equations including continuity, and momentums and en-
ergy equations are implemented. However, in this simulation no flow
equations exists due to the convection neglection. Therefore, the flow
equations are deactivated (Memon et al., 2015; Memon and Eames,
2017). Only the energy equation is solved for the current problem.
However, to activate the S-S radiations model, fluid zone must exist.
Therefore, the vacuum space is modeled as a fluid zone, but with de-
activating the flow equations. To use the S-S radiation model, estimat-
ing the view factor between the participating surfaces must be done. So,
from the imported computational domain, S-S model evaluates the ori-
entation, areas, and spacing of all the face participating in the radia

tion. These parameters are used for the calculation of the view factors.
The energy equation for both the solid regions and the vacuum region
with radiation were simultaneously solved. And the radiosity estimation
is achieved based on the estimated view factors. The solution is contin-
ued until the residual in the radiosity and the energy equation reached
10−6 and 10−13 respectively.

2.5. Model validation

The current model is validated by using two sets of results. First, the
current model results were compared with the experimental results con-
ducted in this study as presented in Section 2.5.1. The second valida-
tion step is conducted by comparing the current predicted results with
the numerical data in two recent investigations of (Fang et al., 2009b)
and (Zhu et al., 2020). And these comparisons were presented in Sec-
tion 2.5.2.

2.5.1. Validation with experiments
In Fig. 7-a, the measured thermal conductivity of the VG and TVIP

samples were compared with the numerical results obtained from the
simulation model. The thermal conductivity of these samples was mea-
sured using the HFM apparatus in Fig. 4-b and 4-c for TVIP and VG
samples respectively. It is noticed that the measured center-of-pane ther-
mal conductivity of the VG is about 8.6 × 10−3 Wm−1K−1 at vacuum
pressure of 0.1 Pa. In this experiment, the VG sample consisted of two
glass panes 3.2 mm thickness each and 0.12 vacuum gap. Indium seal-
ing with edge sealing width of 6 mm and pillars with dimeter of 0.4 mm
were used in the fabrication steps. The VG sample used in the exper-
iment was a rectangular glazing with length and width of 35 cm and
20 cm respectively. Therefore, in the validation step, the model is con-
structed for the same dimensions as in the experiment. In addition, the
measured thermal conductivity of the TVIP sample without the 3 mm
glass layer was about 6.8 × 10−3 Wm−1K−1 with sample thickness of
3.12 mm at a pressure of 0.2 Pa. The simulated results showed a good
agreement with the measured center-of-pane thermal conductivity with
values of 8.7 × 10−3 Wm−1K−1 and 7.1 × 10−3 Wm−1K−1 for VG and
TVIP respectively. Th deviation between the experimental and the nu-
merical results is a round 4%.

To further validate the current model with experiments, the fabri-
cated VG and TVIP were tested using hot box calorimeter. During this
test, the glazing is set to separate between two different air zones. Each
zone has air with certain temperature and convection heat transfer co-
efficient. The air in one zone is kept at a temperature around 25 °C
while the other zone is kept at a temperature around −9 °C. And the
heat flux at the center of the panes were measured at the experimen-
tal conditions presented in Table 4. The measured values of the cen-
ter-of-pane heat flux were compared with the numerical predicted re-
sults in Fig. 7-b. During the simulation, the boundary conditions used in

Fig. 6. Three-dimensional finite-volume mesh details of (a) VG and (b) TVIP.
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Fig. 7. Comparison between the predicted numerical results and the experimental results of (a) glazing’s center-of-pane thermal conductivity and (b) center-of-pane heat flux.

Table 4
Steady state experimental parameters used in the validation step.

Sample (°C) (°C) (W.m −2.K −1) (W.m −2.K −1) (W.m −2) Vacuum pressure

VG −9.08 25.46 18.0 9.0 37.63 0.1 Pa
TVIP −9.55 25.87 11.7 9.0 79.37 1 Pa

the experiments and mentioned in Table 4 are used instead of ASTM
boundary conditions. It is noticed that the model accurately predict the
estimated values of the centre of pane heat flux with a maximum error
around 2%.

2.5.2. Validation with recent investigations in the literature
Two set of results were used to validate the current model with re-

sults of Fang et al., (2009b) and another recent published results in
(Zhu et al., 2020). First, the current model is validated by compar-
ing the predicted VG results with the results in (Fang et al., 2009b).

The current predicted temperature contours on the cold and hot side of
the vacuum glazing window are compared in Fig. 8(a) with the results
obtained in (Fang et al., 2009b). In this validation step, two different
sizes of VG with dimensions of 40 cm × 40 cm and 100 cm × 100 cm
were simulated. During the validation step, the same edge-sealing ma-
terial, glass thickness, thermal conductivities and pillars dimensions are
used as the same as used in (Fang et al., 2009b) for fair comparison.
The predicted temperature contours on the hot and cold side of the VG
with dimensions of 40 cm × 40 cm were depicted in Fig. 8(a). It is ob-
vious that the same trend of the results are predicted with lower tem
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Fig. 8. Three-dimensional finite-volume model validation with the numerical results of
Fang et al (2009b) shows (a) temperature contours at the hot and cold side of the VG with
dimensions of 40 cm × 40 cm; (b) local temperatures on line A-A at hot and cold sides for
VG sample with dimensions of 40 cm × 40 cm, and (b) local temperatures on line A-A for
the hot and cold sides for VG sample with dimensions of 100 cm × 100 cm.

perature near the edges on the hot sides and high temperature at the
same locations on the cold sides. This is resulted from the edge effect as
will be discussed in detail later. Furthermore, to quantitively compare
the predicted results with the results of (Fang et al., 2009b) and not re-
lying on the visual basis, the predicted temperature distribution on two
lines from A-A on hot and cold sides of VG pane are compared with the
same presented by (Fang et al., 2009b). This comparison is conducted
for the VG with dimensions of 40 cm × 40 cm and 100 cm × 100 cm
in Fig. 8(b) and (c) respectively. From this comparison it is obvious
that the current model accurately predict the thermal insulation perfor-
mance of the vacuum insulation technologies. Quantitively, the relative
error is defined as the ratio between the maximum temperature differ-
ence between the predicted temperature and the results in (Fang et al.,
2009b) to the temperature predicted in (Fang et al., 2009b) at the
same location. The temperatures used in degree Celsius. It is found that
the maximum relative error is about 8.5% at the hot side of the VG with
area of 100 cm × 100 cm this error diminishes with lower size of VG.
This difference may be attributed to that the current model considers
the estimation of view factors for all interfaces in connection with the
vacuum region.

Second, a further validation step is conducted. In this step, the
developed model is used to estimate the total glazing U-value for

three VG samples with areas of 0.3 × 0.3 m2, 0.5 × 0.5 m2, and
1.0 × 1.0 m2. The comparisons were depicted in Fig. 9. The estimated
results from the current model were compared with the estimated re-
sults recently published by Zhu et al., (2020). During this validation
step, glazing’s sizes, material properties, glazing’s emissivity and bound-
ary conditions were used as the same as in (Zhu et al., 2020). In more
details, the simulation was conducted at a hot side air temperature of
18 °C with free stream convection heat transfer coefficient of 8.7 Wm−2

K−1. While the cold side air temperature was kept at −20 °C with free
stream convection heat transfer coefficient of 23 Wm−2 K−1. The same
glazing thickness of 3 mm, vacuum layer gap of 0.15 mm, indium edge
sealing with width of 6 mm, and low-emissivity glazing with emissivity
of 0.1 were used during the validation. Based on the results depicted in
Fig. 9, it is evident that the predicted results are in a good agreement
with the results presented in (Zhu et al., 2020) with maximum relative
difference of 4.9%. This difference may be attributed to that in this pa-
per, we used the FVM while they used the FEM. The solution methods
for both model may cause this slight difference.

3. Results and discussion

This section is divided into three main subsections. In Section 3.1,
the effect of changing the vacuum pressure on the local temperature dis-
tribution along with the thermal insulation performance of the VG and
the new proposed TVIP is discussed. In this section, the vacuum pres-
sure is changed from 0.1 Pa to 10 Pa for small scale glazing with dimen-
sions of 15 cm × 15 cm. The pressure change mimics the vacuum pres-
sure deterioration on the thermal transmittance (U-value) of these two
glazing insulation systems. In Section 3.2, the effect of changing the
glazing dimensions from 15 cm × 15 cm to 100 cm × 100 cm are dis-
cussed and compared. This step is very essential to evaluate the applic-
ability range for both VG and TVIP based on the glazing dimensions. In
Section 3.3, the cost analysis is performed for both VG and TVIP.

3.1. Effect of vacuum pressure on the insulation performance of VG and
TVIP

In this section, the comparison is conducted under ASTM boundary
conditions for a smaller glazing area of 15 cm × 15 cm. To completely
understand the detailed thermal insulation performance of VG and TVIP,
temperature distributions at different locations along with the tempera-
ture contours at different plans are discussed.

Fig. 9. Comparison of the predicted total gazing U-value for the VG sample at different
glazing’s areas with the numerical results in (Zhu et al., 2020) using FEM.
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3.1.1. Vacuum glazing (VG)
Fig. 10 shows different locations where the temperatures were ob-

tained. First, the location of line A-A is located on both the hot, plane
(1), and cold side, plane (3), of the window. This line locates at the mid
of the window as seen in Fig. 10. The temperatures on these lines high-
lights the effect of edge sealing on the thermal insulation performance
of the VG. The temperatures at different two locations B-B and C-C are
also illustrated in Fig. 10. Line B-B passes through the two glass panes
with pillar at the center of the VG whilst the line C-C passes through the
two glass panes and the nearest vacuum region at the VG center. The
temperatures on these two lines highlight the effect of thermal bridge
caused by the pillars compared with the vacuum region. Furthermore,
the temperature contours at four planes were also obtained. The first
plane, plane (1), locates at the hot side of the window facing the indoor
side of the building. This plane is subjected to convection boundary con-
dition with h = 8.3 Wm−2K−1 and T∞, in = 22.1 °C. The second plane,
plane (2), is the Low-emissive coated face of the hot glass pane. Simi-
larly, plane (3) and plane (4) are the outside cold side of the second glass
pane with h = 30 Wm−2K−1 and T∞, out = −17.8 °C and Low-emissive
coated face of the cold glass pane respectively. The locations of these
planes are shown in Fig. 10. The predicted temperatures at A-A, B-B
and C-C at different vacuum pressures for VG are shown in Fig. 11(a),
(b) and (c) respectively.

In Fig. 11(a), the temperatures at line A-A on the hot side increases
with the distance from the sealing edge until it reach a nearly con-
stant value and starts to decrease again at the other edge. In more de-
tails, the hot side temperature increases from around −5 °C to 15 °C
from the edge of the glazing to the center of pane. This is resulted due
to the thermal short-circuit across the edges of VG. Therefore, around
10 cm of the both sides from 15 cm of the glass width were affected
by the edge sealing. It leads to decrease the thermal insulation perfor-
mance. This trend is similar to that in the literature by Memon et al
(2015) and Fang et al (2009b). However, one of the new added value
here is that decreasing the vacuum pressure increases the hot side tem-
perature and decreases the cold side temperature. This is attributed to
that at low pressure, the vacuum region’s thermal conductivity is de-
creased. And therefore, the heat transfer from the hot side to the cold
side is decreased. Consequently, higher temperature difference between
the hot and cold side of the VG were obtained. Furthermore, the ef-
fect of the vacuum pressure increase or deterioration on the hot side is
much pronounced compared to the cold side. This because of the higher

Fig. 10. Location of lines, and planes through the VG.

heat transfer coefficient closer to the cold side which nearly keep the
cold side temperature near to the cold temperature in ASTM boundary
conditions. It is noticed that the support pillars effect on the tempera-
ture distribution appears on both cold and hot sides of the VG at lower
vacuum pressure. This effect disappear at the lower vacuum pressure of
10 Pa. Therefore, it is recommended that to capture the pillars effect us-
ing thermal imaging, higher vacuum pressure of less than 0.1 Pa inside
the vacuum space must be attained.

In Fig. 11(b), the variation of the local temperatures on line B-B
passes through the two glass panes with pillar at the center of the VG
model is illustrated. The local temperature variation with the VG thick-
ness showed a significant decrease in the temperature occurs through
the glass panes while slight temperature decrease occurs through pil-
lars due to the higher thermal conductivity of the pillars with smaller
height compared with the larger thickness of the glass panes with lower
thermal conductivity. On the other hand, in Fig. 11(c), the temperature
variation with the VG thickness through the line C-C is displayed. It is
found that the temperature reduction through the glass pane thickness
is negligible compared with the temperature difference across the vac-
uum region although the smaller thickness of the vacuum region. This
because the reduction in the radiation effect due to the low-emissive
coatings and the decrease in the pressure decreases the vacuum region
thermal conductivity. In more details, a temperature difference across
the very thin vacuum layer with thickness of 0.12 mm is about 33 °C,
29.2 °C, 16 °C at vacuum pressures of 0.1 Pa, 1 Pa, and 10 Pa respec-
tively.

To further clarify the previous trend, a two-dimensional temperature
contours on a plane located at different locations are displayed in Fig.
12 at a vacuum pressure of 0.1 Pa. Plane (1) and plane (2) are used to
display the temperatures on the hot surface of the glass pane facing the
indoor and the Low-emissive coated side of the hot pane respectively.
It is noticed that highest temperatures locates at the middle of the glass
pane whilst the lowest values locates at the edges of the glazing with
temperature stratification from −5.9 °C to 15 °C. Further, the pillars ef-
fect appears at the Low-emissive coated side of the hot glass pane. This
illustrates the thermal bridge through the very fine support pillars.

On the other hand, the temperature contours on plane (3) and plane
(4) are detailed in Fig. 12. Contradictory to the previous trend of the
contours on the hot glass pane is observed. The higher temperatures are
observed at the edges while the coldest temperatures occurs at the cen-
ter of the glass pane. This confirms the same findings of lower heat trans-
fer occurs at the mid of the pane while higher occurs on the edges. Com-
paring the temperatures contours on plane (1) and plane (3), the effect
of the support pillars thermal bridges clearly appears at the cold side
compared to the hot side. This is because of the highest heat transfer at
the colder side compared with that at the hotter side of the glass panes.

Fig. 13 shows the temperature contours on the hot side of the glass
pane, plane (1), at different vacuum pressures. It is noticed that increas-
ing the vacuum pressure or losing the vacuum inside the VG from a pres-
sure of 0.1 Pa–10 Pa decreases the inner glass pane average tempera-
tures from 12.2 °C to 3.8 °C respectively. This means that the higher heat
transfer rate from the inside of the building though the glazing could be
attained. Further, increasing the vacuum pressure ten times, from 0.1 Pa
to 1 Pa, decreases the VG inner hot side temperature by only 1.2 °C.
Whilst, increasing the pressure ten times increases the average hot side
glass pane temperature by 5.8 °C. This is because of the thermal conduc-
tivity of the vacuum region is not a linear relationship with the pressure
as seen in Eq. (3).

The temperature contours on the cold side of the VG, plane (3), is
displayed in Fig. 14 at different vacuum pressures. It is obvious that
increasing the vacuum inside the VG, from 0.1 Pa to1 Pa, increases the
average cold side temperatures from −13.8 °C to −13.5 °C. Such incre
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Fig. 11. Local temperature distribution at (a) lines (A-A) on the hot and cold sides of the VG window; (b) line (B-B) through pillar of the VG window and (c) line (C-C) through vacuum
space of the VG window at different vacuum pressure levels.

ment is affected by the higher heat transfer coefficient closer to the cold
side. Farther increase in the vacuum pressure to 10 Pa results in a higher
cold side temperature of −11.9 °C.

Based on the VG results, it can be summarized that replacing the
conventional double air-filled glazing with VG reduces the U-value from
6.37 Wm−2K−1 to approximately 3.1 Wm−2K−1, 3.3 Wm−2K−1, and 4.5
Wm−2K−1 at vacuum pressures of 0.1 Pa, 1 Pa, and 10 Pa respectively.
However, these accomplished U-values are higher compared with the
achieved U-values in the literature and in the markets. This is because
the simulated VG has a dimensions of 15 cm × 15 cm that accounts the
complete edge effects and not one-quarter of the VG was modelled but
the whole VG. This means that the contribution of the edge sealing is
dominant compared with the larger size VG in the markets. Therefore,
using the VG in this small-scale applications decreases the U-value by
only around 51.4%, 48.3%, and 29.4% at vacuum pressure of 0.1 Pa,
1 Pa, and 10 Pa respectively. This slight decrease in the U-value can be
accomplished by using another new cost-effective option such as TVIP
as a replacement to conventional glazed window.

3.1.2. Translucent vacuum insulation panel (TVIP)
The current section is used to show the previous trends for the new

proposed TVIP with the same dimensions. In this section, TVIP, dimen

sions of 15 cm × 15 cm, is simulated. The effect of pressure deterio-
ration on the thermal insulation performance are investigated. By the
same method, the temperatures at different locations were displayed,
then the temperature contours on the hot side also displayed. Fig. 15
shows the locations where the local temperatures are displayed. First,
the lines A-A are located on the hot and cold side of the TVIP passing
from one side to the other at the mid of the TVIP width. Other two lines
B-B and C-C pass through the thickness of the TVIP the first through the
vacuum region and the second through the frame material.

Fig. 16(a) show the temperature distribution over line A-A on the
hot and cold side of the TVIP. A zoomed in region from the curve is
depicted in Fig. 16(b). It is noticed that the hot side temperature in-
creases with the increase in the vacuum pressure at the same loca-
tion. In addition, the maximum temperature located at the center of
the vacuum region. The lowest values of the temperatures locates at
the frame section. This because of the higher thermal conductivity of
the frame compared with the vacuum region. In more details, the tem-
perature over the hot side temperature changes, from 1 °C to 15 °C, at
the vacuum pressure of 0.1 Pa. Changing the vacuum pressure to 1 Pa
and 10 Pa, A slight decrease in the hot side temperature in the frame
section and significantly decreases the hot side temperature in the vac-
uum zone to around 12.5 °C and 5 °C respectively. However, the cold
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Fig. 12. Predicted temperature contours at vacuum pressure of 0.1 Pa at different planes or surfaces of the VG.

side temperature increases from −15.6 °C to −12.5 °C with increasing
the vacuum pressure from 0.1 Pa to 10 Pa respectively. The tempera-
ture distribution over the cold side is constant with TVIP width. This is
because the 3 mm glass layer located near to the cold side. One of the
main interesting findings in such kind of comparison is no edge effects
due to the absence of highly conductive edge-sealing material. However,
the effect of thermal bridge through the frame structure is much pro-
nounced compared with the VG. Therefore, more studies related to di-
mensions, thermal properties, and structure of the frame still needed to
further overcome the thermal bridge effect through the spacer.

The temperature distributions through the TVIP window thickness
through the vacuum region, line B-B, and through the frame region, line
C-C, are shown in Fig. 16(c) and (d) respectively. As previously men-
tioned, the TVIP has a frame with total thickness of 3 mm attached to
the conventional 3 mm glass. At line B-B in Fig. 16(c), the temperature
significantly decreases from 16 °C to around −15.2 °C through the vac-
uum space whilst a very slight decrease of temperatures have been ob-
served through the 3 mm glass layer. This is because of the significant
reduction in the vacuum region thermal conductivity compared with the
glass layer. It is also noticed that the temperature difference across the
vacuum pane region decreases with the increase in the vacuum pressure.
In more details, the temperature difference across the vacuum frame is
about 31.2 °C, 25.5 °C, and 18 °C at vacuum pressure of 0.1 Pa, 1 Pa,
and 10 Pa respectively.

On the other hand, the temperature at the location C-C are shown
in Fig. 16(d). It shows the temperature were obtained through a 3 mm
frame structure and then through the 3 mm glass layer. It is no

ticed that the temperature difference across the frame thickness were
about 13.5 °C, 12.9 °C, and 10 °C at a vacuum pressures of 0.1 Pa, 1 Pa,
and 10 Pa respectively. Also, a slight reduction across the glass pane is
observed. However, the temperature difference across the glass pane in
the frame region is slightly higher than that in the vacuum region. This
is because of the lower heat transfer through the vacuum region com-
pared with the heat transfer across the frame regions.

The temperature contours on the hot side of the TVIP at different
vacuum pressures are shown in Fig. 17. Generally, at vacuum pres-
sure of 0.1 Pa, the hot side temperature of the TVIP is very high and
very closer to the indoor environment. In addition, the thermal bridge
through the frame structure is also much pronounced. For instance, the
temperature of the frame spacer on the hot side of the TVIP is about 1 °C
under ASTM boundary conditions whilst the vacuum region tempera-
tures are around 15 °C. This results in an area weighted average temper-
ature of the hot side of the TVIP with about 12 °C at a vacuum pressure
of 0.1 Pa. Further vacuum deterioration lead to a decrease of the hot
side temperature to average values of 9.8 °C and 3.8 °C at vacuum pres-
sure of 1 Pa and 10 Pa respectively.

It has been observed that the similar trends of temperatures obtained
for the VG and TVIP. However, the main difference among them is that
the VG has a smaller thermal bridge through the pillars compared with
the frame spacer in the TVIP. Although, the TVIP has no edge effect like
the VG has. Therefore, quantitative comparison between these two types
of the glazing to the window insulation method is essential at various
vacuum pressure and the window sizes.
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Fig. 13. Predicted temperature contours at the hot side, plane (1), of the VG at different vacuum pressure levels of (a) P = 0.1 Pa, (b) P = 1 Pa and (c) P = 10 Pa.

3.1.3. Comparison of VG and TVIP
This section quantitively compares the VG with TVIP under ASTM

boundary conditions with dimensions of 15 cm × 15 cm at different
vacuum pressures. In this comparison, the hot side and clod side area
weighted average temperatures, average heat flux transfer, temperature
differences across the glazing/panel sides, and the total glazing U-value
are compared at different vacuum pressures of 0.1 Pa, 1 Pa, and 10 Pa
in Fig. 18(a), (b), and (c) respectively.

Based on Fig. 18, the area weighted average hot side tempera-
tures for the TVIP window is much higher compared with the same
for the VG at the same pressure. In addition, the cold side tempera-
ture of the TVIP is much lower than the same for the VG at the same
pressure. This mean that the mean temperature difference across the
TVIP is higher than that for the VG. Therefore, better insulation per-
formance can be obtained. This trend is observed over the entire in-
vestigated vacuum pressure range from 0.1 Pa to 10 Pa. This also con-
firms that using the TVIP is more favorable compared with VG even
with vacuum deterioration problem occurs. Based on the U-value, it
is noticed that the using the VG technology for small scale windows
with 15 cm × 15 cm area accomplishes higher U-value of 3.1 Wm−2K−1

at vacuum pressure of 0.1 Pa because of the higher contribution of
the edge effects. Whilst, using the TVIP achieved lower U-value of 1.9
Wm−2K−1 at the same vacuum pressure. Increasing the vacuum pres-
sure, still the TVIP is favorable compared with the VG for smaller size
of glazing. However, these results were influenced the size of the glaz-
ing specially for the VG. This is because increasing the glazing area,
decreases the area ratio of the sealing region in the VG. Therefore,

the edge sealing effect could be eliminated in a larger size VG and such
comparison is essential.

3.2. Effect of glazing size on the thermal insulation performance of VG and
TVIP

The ratio of the edge sealing area to the total glazing area decreases
with the increase in the glazing size in VG. Using VG could be a promis-
ing thermal insulation method for the window with a larger area com-
pared to the smaller area of the glazing. This is because of decreasing
the edge effects. However, in TVIP, no edge effects and the thermal
bridge through the frame structure is constant with changing the glaz-
ing size. This is because, increasing the glazing size does not affect the
ratio between the frame zones and the vacuum region zones in the TVIP.
Therefore, this section compares the performance of the VG and TVIP
at different glazing sizes. The investigated glazing’s have a square area
with edge length changes from 15 cm up to 100 cm. The comparison
is implemented based on the quantitative comparison of the predicted
U-value and the maximum temperature difference across the glazing in
Fig. 19(a) and Fig. 19(b) respectively. This comparison is conducted at
different vacuum pressure levels.

In Fig. 19(a), the variation of U-value for the VG and TVIP with
the glazing edge length at different vacuum pressure is shown. In this
comparison a square glazing shape is simulated. Generally, it is obvi-
ous that increasing the glazing area or the glazing width decreases the
U-value of the VG while the U-value remains constant for the TVIP. This
is because increasing the glazing area decreases the edge sealing effect
in VG. While the TVIP doesn’t have edge sealing problem. In addition,
increasing the vacuum pressure increases the U-value for all these sys
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Fig. 14. Predicted temperature contours at the cold side, plane (3), of the VG at different vacuum pressure levels of (a) P = 0.1 Pa, (b) P = 1 Pa and (c) P = 10 Pa.

Fig. 15. Locations where the results were displayed.

tems over the all the glazing sizes. It is also worth mentioning that
the applicability of both VG and TVIP is a function of glazing sizes.
In more details, at a vacuum pressure of 0.1 Pa, the TVIP achieves
lower U-value compared with the VG when the glazing area is less than
34 cm × 34 cm. However, increasing the glazing size above this area,
the VG achieves lower U-value. Further, deteriorating the vacuum pres-
sure to 1 Pa lead to increase the U-value for both TVIP and VG. At this
condition, the TVIP as a glazing is favorable in terms of thermal insu-
lation performance of glazing with area less than 30 cm × 30 cm. In-
creasing the glazing area above this value the VG achieves better ther-
mal insulation performance. It has also been noticed that when TVIP
compared with VG over the entire area of the glazing at higher vac-
uum pressure of 10 Pa, TVIP performs better than VG. This is because at
lower vacuum pressures the thermal conductivity of the vacuum space
increases whilst the thickness of the vacuum space in the VG is less
than that in the TVIP. Therefore, the thermal resistance of the TVIP be-
come higher than that for the VG at vacuum pressure of 10 Pa. In Fig.
19(b), the variation of maximum temperature difference across the glaz-
ing area is displayed with the edge length at different vacuum pres

sures for VG and TVIP. Three main conclusions can be summarized here.
First, increasing the glazing area or the width of the edge-seal increases
ΔT for the VG whilst it is nearly constant for the TVIP. Second, increas-
ing the pressure decreases ΔT for both VG and TVIP at the same glazing
area. And third, the TVIP achieves higher ΔT compared with VG at vac-
uum pressures of 10 Pa over the different sizes of glazing.

3.3. Comparison of different scenarios of the proposed designs

In this section, four different cases of the VG and TVIP with different
structure were compared. Table 5 shows the details of each case. The
simulation is conducted at a vacuum pressure of 0.1 Pa and square glaz-
ing’s area of 15 cm × 15 cm as a sample of results.

Based on the investigated cases, it is noticed that at the same total
thickness of the VG and TVIP samples, Case (3) and Case (1), still the
TVIP accomplish lower U-value compared with the VG at the investi-
gated glazing’s area. In addition, comparing case (2) and case (3), in-
creasing the vacuum thickness of the TVIP slightly decrease the U-value.
In more details, increasing the vacuum thickness from 3 mm to 5 mm
decrease the U-value by about 0.18 Wm2K−1 at the same conditions.

Indium-edge seled VG is one of the low-temperature sealed method,
case (4) propose the theoretical applicability of holding the VG com-
ponents using gas barrier envelope instead of indium. Therefore, by
comparing case (4) with case (1), it is evident that the use of gas bar-
rier envelope in the VG is a favorable option to decreases the U-value.
In more details, the U- value significantly decreased from 3.1 Wm2K−1

to 0.65 Wm2K−1. This decrease is due to the elimination of the ther-
mal bridge through the edge sealing. Therefore, the practicality of this
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Fig. 16. Effect of changing the pressure deterioration on the predicted local temperatures at (a) lines (A-A) on the hot and cold sides of the TVIP with 3 mm glass layer; (b) zoomed in
scale of local temperatures shown in (a); (c) line (B-B) through vacuum region of the TVIP; and (d) line (C-C) through frame of the TVIP.

case must be revisited to discover the fabrication and implementation is-
sues that may face in the future work. Further, the temperature contours
on the hot and the cold side of case (4) were depicted in Fig. 20. The
thermal bridge through the edge sealing is completely eliminated. While
the thermal bridge through the pillars became clearer.

3.4. Cost analysis comparison of VG and TVIP windows

Cost is a substantial challenge in determining if VG is cost-effective
or affordable to consumers. The cost analysis presented here is the to-
tal cost in US dollars per m2 of VG and TVIP and is based on the cost
at the laboratory scale. This cost analysis does not include the electric-
ity and time it take to construct VG and TVIP because it would be de-
pendent on how the construction processes can be automated. It is also
pertinent to mention here that the materials cost is dependent on the
supplying company’s location, quantity required, and purity of products
supplied. A further important factor to consider is the wide variation in
market prices of semi-precious metals such as indium alloy. This analy-
sis is based only on the laboratory-based experiments and materials cost
at the mass manufacturing level will be reduced significantly and will
depend on the metal stock exchange rate. The laboratory scale costs of
the materials used are presented in the Table 6. In this subsection, the
cost of the VG and TVIP glazing are compared.

Table 6 shows that the cost of constructing VG is more than three
times to the cost of TVIP. It shows that the edge sealing material, in this
case used as Indium alloy, is a major contributing factor. This analysis
is based only on the laboratory-based experiments and materials cost at
the mass manufacturing level will be reduced significantly but the over-
all influence to the comparison of VG and TVIP could be similar.

4. Conclusions

In the present study, a new structured core translucent vacuum insu-
lation panel (TVIP), as a retrofitting proposal to the conventional glazed
windows to nearly zero energy buildings, in comparison to vacuum glaz-
ing (VG) technology is presented. In this TVIP, this total thickness of
3 mm frame with Low-emissive coated film were kept inside a transpar-
ent envelope and attached to 3 mm glass layer of glazing were used. The
effect of vacuum pressure deterioration on the thermal insulation per-
formance of VG and TVIP glazing’s were compared at different glazing
sizes. A three-dimensional finite-volume model is developed and vali-
dated with the experiments and data in the literature. In the recent in-
vestigations, only quarter of the VG was modelled. However, in the cur-
rent model, the whole glazing area was modelled to capture the full ef-
fect of the edge sealing in VG. Based on the simulation results, the fol-
lowing conclusions are summarized:-
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Fig. 17. Predicted temperature contours at the hot side of the TVIP at different vacuum pressure levels.

i. The proposed TVIP has no edge-effects when compared to VG.
ii. At vacuum pressure of 0.1 Pa, the TVIP achieved lower U-value

compared with the VG when the glazing area is less than
34 cm × 34 cm. However, increasing the glazing size above this
area, the VG achieves lower U-value.

iii. When the vacuum pressure is deteriorated to 1 Pa, an increase of
the U-value for both TVIP and VG was predicted. At this condition,
the TVIP is favorable option for thermal insulation to windows with
area less than 30 cm × 30 cm. Increasing the glazing area above
this value the VG achieves better insulation performance.

iv. The TVIP performance is compared with VG over the entire area of
the glazing at higher vacuum pressure of 10 Pa and it was found that
TVIP performed better.

v. The TVIP cost is about three times less than the cost of VG.

vi. Replacing the indium sealing in VG with gas barrier envelope theo-
retically eliminate the edge sealing effect. However, the practicality
of this design must be revisited in a future work.
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Fig. 18. Quantitative comparisons between the VG and VIP dimensions of 15 cm × 15 cm under ASTM boundary conditions at (a) P = 0.1 Pa; (b) P = 0.1 Pa ; and (c) P = 0.1 Pa.

Fig. 19. Simulation results of (a) U-value for the VG and TVIP and (b) temperature difference, ΔT, across the glazing area at different dimensions.
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Table 5
Different scenarios for different designs of the VG and TVIP.

Cases Details
Predicted
U-value

Case
(1)

Commercial VG with 0.12 mm vacuum thickness, total
sample thickness of 8.12 mm, indium sealed with 6 mm
width. (Reference case of VG)

3.1
Wm 2K −1

Case
(2)

Conventional TVIP with 3 mm vacuum thickness, and 3 mm
glazing. (Reference case of TVIP)

1.9
Wm 2K −1

Case
(3)

TVIP with total thickness equal to the total thickness of the
VG as in Case (1). The sample has a 3 mm glass layer and the
vacuum thickness increased to 5.12 mm.

1.72
Wm 2K −1

Case
(4)

VG sample as in Case (1) except the gas barrier envelope is
used to hold the VG components without indium sealing.

0.65
Wm 2K −1

Fig. 20. Temperature contours on the hot and cold sides of the VG sample with gas barrier envelope instead of indium sealing as in Case (4).
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Table 6
Material cost used in the construction process of the VG and TVIP windows ($/m 2).

Glazing type Components
Cost
($/m 2)

VG Low-e
coated glass
pane

8

Pillars 30
Edge-sealing
material

250

Construction
cost

50

Total
material
cost

338

TVIP 3 mm glass
pane

8

Frame
structure

18

Envelope 18
L-e coating
film

45

Adsorbent
material

6

Construction
cost

12

Total
material
cost

107
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