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Chapter

Transparent Vacuum Insulation
Panels
Takao Katsura

Abstract

New, low-cost transparent vacuum insulation panels (TVIPs) using structured cores
for the windows of existing buildings are proposed. The TVIP is produced by inserting
the structured core, the low-emissivity film, and the adsorbent into the transparent gas
barrier envelopes. In this chapter, the authors introduce the outlines, the design and
thermal analysis method, the performance evaluation (test) method. Firstly, five
spacers, namely peek,modified peek,mesh, silica aerogel, and frame, are selected as the
structured core. The effective thermal conductivity of TVIPswith five different spacers
is evaluated at different pressure levels by applying numerical calculation. The result
indicated that TVIPs with frame andmesh spacers accomplish better insulation perfor-
mance, with a center-of-panel apparent thermal conductivity of 7.0� 10�3W/mK at a
pressure of 1 Pa. The apparent thermal conductivity is the same as the value obtained by
the simultaneous evacuation thermal conductivitymeasurement applying the heat flux
metermethod. Furthermore, using a frame-type TVIPwith a total thickness of 3 mm
attached to an existing window as a curtain decreases the space heat loss by approxi-
mately 69.5%, whereas the light transparency decreases to 75%.

Keywords: transparent vacuum insulation panels, structured core, retrofitting
insulation, design and numerical analysis, thermal conductivity measurement

1. Introduction

Environmental issues and the global energy needs have become the most crucial
world concerns. This is because of the yearly increase in the annual energy con-
sumption, in addition to the acceleration in the environmental pollution amount.
Therefore, several energy-saving thermal insulation techniques have been applied
for building applications in new established buildings. On the other hand, the old
historical buildings are often protected due to their contributions to society. These
thermal insulating technologies are rarely installed to the existing buildings. That is
why the insulation capability of the existing buildings is not high. Consequently, it
is a mandatory to enhance the insulation performance for the existing buildings.
Vacuum insulation panels (VIPs) can be used for this aim. The VIPs have a very low
thermal conductivity [1]. Therefore, they considered as a promising method for
enhancing the thermal insulation of buildings, specifically for energy retrofitting
(where higher insulation performance and smaller thicknesses are desirable) [2].
Further, it is indispensable to decline winter heat loss or heat gain in summer season
for the windows of the existing buildings without much affecting the window
transparency. The significant decrease in the window transparency increases the
daytime energy consumption for the lighting purposes [3].
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The research on VIPs has been applied in some fields to improve insulation
performance. For example, in some buildings, it can attain five times higher insu-
lation values than conventional building insulating materials [4]. Recently, the
common manufactured VIPs are applied for building walls insulation. These VIPs
have an opaque appearance. These VIPs structures contain a metallized aluminum
film. This aluminum envelope contains a high thermal insulation material under
vacuum conditions and placed between the structure layers of a building wall.

Silica powder has been applied for the trial manufacture of VIPs. A silica aerogel
with a thermal conductivity of 2 � 10�2 W/m K is usually used to make transparent
VIPs [5]. It has been found that using suchmaterial in smart windows decreases the U-
values by 63% as compared to conventional glass windows. In addition, a significant
reduction in the light transmittance (by approximately 30%) has been measured [5].
Moreover, the industrial production cost of a VIP using silica aerogel remains very
high. Hence, there is a need to search for another economically competitive material.

A new slim structured-core and transparent insulationmethod for windows of
existing buildings is proposed. The TVIP is produced by inserting the structured core,
the low emissivity film, and the adsorbent into the transparent gas barrier envelopes. In
this chapter, the authors firstly describe the outlines of TVIPs. Next, the core structural
design tomaintain a vacuum layer and the thermal analysismethod to predict the
insulation performance are explained. In addition,measurementmethods of apparent
thermal conductivity and light transmittance, which are used to evaluate the insulation
performance and transparency of TVIPs, are introduced. Furthermore, the results of
thermal performance analysis and annual energy analysis are demonstrated.

2. Outlines of transparent vacuum insulation panels

2.1 Outlines, applications, and advantages

Figure 1 shows a concept diagram of the TVIP [6]. The manufacturing steps
start with the preparation of the VIP core structure, transparent low-emissivity
(Low-E) sheet, and transparent envelope. The heat sealing of the envelope is a four-
sided seal type. In addition, the Low-E film coated on one face, whereas the other
face has a larger emissivity. The core structure and the Low-E film are inserted in a
transparent gas barrier envelope. In addition, the oxide calcium adsorbent pack or
the getter material is also inserted to adsorb the outgassing from core material and
the gas passing through the envelope. The transparent envelope facilitates the
applicability of these TVIPs to existing windows where light transparency is

Figure 1.
Manufacturing steps, real images, schematic description, and the proposed real field application of the
structured-core and transparent vacuum insulation panel (TVIP) for existing windows [6].
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indispensable. The full structure is evacuated and sealed in a vacuum sealing
machine after reaching the vacuum design pressure. Figure 2 shows an example of
lab-scale vacuum sealing machine [6]. In this machine, the pressure level can be
controlled either automatically or manually. After reaching the desired pressure,
sealing is automatically performed. Then, the sample can be taken from the vacuum
chamber. The vacuum sealing machine usually consists of a few vacuum pumps
(the vacuum sealing machine shown in Figure 2 has buster and rotary vacuum
pumps.). Also, the sealing can be achieved by a machine.

Usually, a sealing with approximately 10 mm width are used to prevent the
penetration of atmospheric pressure. Figure 1 depicts the real appearance, schematic
illustration, and the method used for the field applications for the proposed VIPs.
These VIPs might contribute to enhance the insulation capability of current existing
windows, with slight effect on the daytime light transparency. These VIPs can be
integrated as transparent curtains with low thermal conductivity and small thickness.

The advantage of TVIPs applying the structured core materials compared with the
conventional transparent insulation technologies such as the vacuum glazing and the
TVIP using silica aerogel is low cost to produce. Figure 3 presents the comparison of
costs [6]. The total TVIPs cost including envelope, inner spacers, and film of Low-E
coating are shown in Table 1 [6]. It is obvious that the cost of VIPs is around one-
third of using double-glazing with vacuum. Further, the currently proposed VIPs can
be attached to the existing windows with lower installation cost compared to silica
aerogel VIPs. Finally, the cost of L-e film is around 50% of the total VIP price.

2.2 Core materials

The structure core materials are required the following items.

1.Strong enough to maintain a vacuum layer against atmospheric pressure from
outside of envelope.

2.Low thermal conductivity to reduce the thermal bridge generated by the core
materials.

3.No outgassing after vacuum sealing.

4.Easy to manufacture and inexpensive.

Figure 2.
Photograph and schematic of the vacuum sealing equipment [6].
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The structured core materials used for TVIPs are depicted in Figure 4 [6]. These
TVIP designs include a peek spacer, mesh spacer, frame spacer, modified peek
spacer, and silica aerogel spacer. All of these VIPs are designed, manufactured, and
experimentally tested, except for the modified peek spacer. The modified peek
spacer is proposed as extensions for the peek spacer. The TVIPs with peek spacers
and aerogel spacers are superior to the TVIPs using a frame spacer and a mesh
spacer from the viewpoint of transparency. On the other hand, the VIPs using a
frame spacer and a mesh spacer have an advantage that it is easy to manufacture. In
particular, if the frame spacer can be mass-produced at low cost, it is considered to
be the most promising core material for the TVIP.

2.3 Envelopes

Metalized film barrier envelopes are commonly used in the conventional VIPs;
however, they cannot be applied to the TVIPs. Transparent gas barrier films are
applied as a covering envelope for the structured core. These envelopes are favorable
for sealing and transparency. Figure 5 depicts one example of detailed structure and
dimensions of the transparent gas barrier envelope [6]. In order to reduce the oxygen
and moisture transmission rates, the silica evaporated PET layer is applied.

Figure 3.
Comparison of the calculated production cost of proposed VIPs with the double-layered vacuum glazing
insulation [6].

Table 1.
Detailed costs of the manufactured VIPs ($/m2) [6].
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3. Design and thermal analysis of transparent vacuum insulation panels

3.1 Core structural design

In order to determine the reasonable size of the VIP, the stress analysis is
required. In this chapter, an example of stress analysis for frame spacer is

Figure 4.
Concept diagram of the proposed structured-core and transparent VIPs with different core structures of peek
spacer, mesh spacer, frame spacer, modified peek spacer, and silica aerogel spacers [6].
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demonstrated. The structural frame depicted in Figure 6 (on the left) [7] is used to
maintain a vacuum gap when the internal pressure is decreased to 0.1 Pa. This
clarifies that every frame should hold up an atmospheric pressure loading. The
representation is shown in Figure 6 (on the right) [8, 9]. The structural calculation
analysis conducted to a model in Figure 7 is separated into two possibilities.

The structural model used in this work is simplified as support beam. The
deflection is used to estimate the structural dimensions. The calculation model
shows the maximum stress could be happen at the center of the beam and while the
minimum stress occurs at the frame edge. In this simulation, when the atmospheric
pressure is used as the loading, a compression and elastic occur simultaneously but
with opposite directions. Then, a relationship between the span and the deflection is
defined using the following equation:

ωmax ¼ σ �
P0 � a4

D
(1)

D ¼
Et3

12 1� μ2ð Þ
(2)

If the polycarbonate frame is used, the Young’s modulus E is 2.32 GPa and the
Poisson’s ratio μ is 0.39. The polycarbonate frame width, t, is used as 1 mm, while

Figure 5.
One example of detailed structure of the transparent gas barrier envelope [6].

Figure 6.
One example of structure analysis for a frame-structured VIP [7].

Figure 7.
Representation figures of the proposed structural model [7].
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the span, a, is used as10 mm, the uniform loading coefficient to a rectangular flat
plate σ1 is 0.0138, and σ2 is 0.0611. Further, the value of P0 is used to be 1013 kPa.
The frame extreme deflection with different spans vales is revealed in Figure 8 [7].
However, the effect of these structural designs significantly influences the insula-
tion capabilities. In order to create an appropriate design for VIP, we discussed
additional models. Therefore, we designed the structure by changing the width of
frame from 0.5 to 1.5 mm, and changing the span to 5, 8, 10, 12, and 15. The
influence in deflection is revealed in Figure 9 [7].

The frame mechanical structure is designed within the safety condition is
showed in Figure 8. The frame span of 10 mm is used, while considering the stress
effects and distortion, to used in the numerical model of thermal transmittance and
to predict the thermal insulation capabilities of the proposed specimen in the
experimental manufacturing. Furthermore, the vacuum gap was attained, and the
frame surface was quite flat with a designed span of 10 mm. Figure 9 compares the
deflections at different conditions. The frame design also considered the

Figure 8.
The variation of maximum imposed deflection of the frame design at different span values [7].

Figure 9.
Variation of the estimated deflections under various design conditions [7].
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transparency along with the insulation performance. Hence, the frame with width
of 1 mm, span of 10, and transparent gas barrier envelope is used.

To validate the aforementioned design, a 3D model was developed using ANSYS
workbench 14.0. The distribution of deformation for the core frame that is modeled
as concept in Figure 10 and the result is shown in Figure 11 [7]. The fixed boundary
indicates that the element analysis can be applied to a full-scale VIP, and the meshing
in Figure 10 shows the calculation result is accurate due to the 257,791 nodes and
49,046 elements. The result validates the mechanical analysis in Figure 8, indicating
a reasonable structural design with a sufficiently flat for application.

3.2 Thermal analysis applying numerical calculation

In VIPs, the inner pressure must be reduced to below 10 Pa. Increasing the gas
pressure above this value rapidly increases the VIP thermal conductivity [10]. In
addition, the total heat transfer in VIPs can be divided into four parts: radiation heat
transfer through the vacuum space, heat conduction through the skeleton of the
core of the core structure, gas conduction, and gas convection [10]. To enhance the
insulation performance of the VIP, all of these parts must be minimized. However,
at very low pressures, the convection can be naturally converted to pure gas con-
duction. Therefore, the convection can be ignored in the calculation [11–13]. Hence,
the current problem contains a coupled conduction radiation heat transfer. The 3D

Figure 10.
Three-dimensional meshing stage in finite element model [7].

Figure 11.
Distribution of deflection on frame (three-dimensional) [7].
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heat conduction equations for the solid regions including the pillars and in TVIP
were coupled with the surface to surface radiation model. The current model adopts
the following assumptions:

a. Steady state analysis is conducted.

b. The gas convection effect can be neglected within the simulated vacuum
pressure [11, 12].

c. Because the low-emissive films have a very small thickness, the conduction
heat transfer in this layer is neglected. But, the effect of its low emissivity is
taken into consideration in the radiation heat exchange in the vacuum region.

d. The heat transfer by conduction in the envelope of the TVIP is also ignored.

e. The thermal contact resistances in between the layer structures are negated.

f. Isotropic materials were assumed for the complete structure of the TVIP.

The steady-state 3D energy equation with radiation source term can be written
as follows as mentioned in ANSYS FLUENT [14]:

∇: k∇Tð Þ þ S ¼ 0 (3)

where T is the element temperature, k is the element thermal conductivity, and
S is a source term. This term is added to consider the effect of the radiation
exchange in the vacuum space [14]. This equation is solved for all solid domains but
with zero radiation heat source. Further, the gas conduction can be neglected at
lower pressure. But, in this study, the gas thermal conductivity variation with the
pressure, gas mean temperature, and vacuum layer thickness is considered in the
calculations [15]. In this work, the air thermal conductivity in the vacuum space at
different pressure, temperature, and pore size is calculated as follows:

λv ¼
λo

1þ
1:07�10�7ð ÞT

lvP

(4)

where T, lv, and P are the gas temperature in K, vacuum layer thickness in m,
and pressure of the gas layer in Pa respectively. Further, ko is the thermal conduc-
tivity of the air gap at a reference temperature, which is about 0.026 W/m K.

The radiation exchange is predicted in the TVIP is estimated using the surface to
surface (S2S) radiation model existing in ANSYS. This model defines the faces
participating in the radiation heat exchange and the view factor is calculated using
the surfaces separation, orientation, and the surface size. The surfaces participating
in the radiation heat exchange are the surfaces in contact with the vacuum regions
[14]. This view factor is identified using the design geometry of the TVIP. Further
details, and the S2S model limitations exists in ANSYS theory guide [14].

The boundary conditions used in this study were depicted in Figure 12 including
the schematic representation, boundary conditions, and the meshing details for all the
proposed TVIPs [6]. One side of the TVIP is kept at a temperature of 35.5°C, while the
other was kept at a temperature of 10.5°C. The wall emissivity and temperature are
well defined in the vacuum zones. But, for the spacers, only the faces’ temperatures
are defined, because the radiation exchange happens only in the vacuum regions.
Furthermore, the peripheral edges of the TVIP were assumed to be isolated due to the
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symmetrical computational domain. Finally, all interfaces in between the layers were
thermally coupled. At this condition, the temperature and the heat transfer rate on
these interfaces were assumed the same. The boundary conditions are mathematically
expressed as follows for the for the frame-type spacer.

• For hot TVIP side:

At the spacer face T ¼ Th:

At Vacuum faces ¼ Th; ε ¼ εh.

Figure 12.
Computational domains, boundary conditions, and mesh details for all investigated cases [6].
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• For the cold wall:

At the spacer zones T ¼ Tc

At the vacuum zones ¼ Tc; ε ¼ εc

Mesh study test is completed to confirm that the predicted results are not
dependent on the mesh size. A total number of elements of 1,370,521, 2,450,133,
1,745,551, 864,000, and 1,600,000 were used for the simulation of the peek, mod-
ified peek, mesh-type, frame-type, and silica aerogel spacers, respectively.

First, the computational domains were created on the “DesignModular” soft-
ware several zone approach. In this approach, the computational domain is sepa-
rated into different zones. This allows us to control of element size, properties, and
boundary conditions of every zone individually. Then, the generated domains are
meshed as detailed in Figure 12. Fluent solver is used to solve the module governing
equations. In this module, the flow equations including continuity, momentum, and
the energy equation are the standard equations. At very low pressure, the convec-
tion effect can be neglected and therefore the fluid flow equations are deactivated
[16–18]. But, the S2S model must solved for a fluid domain. So, the vacuum gap is
simulated as a fluid zone, but only the energy equation is solved. The S2S model
uses the estimated view factors. The energy equation for the solid zones and the
vacuum space with the S2S radiation, are concurrently solved. Besides, the radiosity
estimation is completed using the calculated view factors. The pressure effect is
considered in the calculation by estimating the vacuum region thermal conductivity
as a function of the vacuum pressure using Eq. (4). Layers for shell zone conduction
are considered in the simulation to consider the effect of acrylic plates’ existence.

The predicted center-of-panel thermal conductivity is compared with the mea-
sured thermal conductivity obtained by the Experiments for the peek type spacer,

Figure 13.
Comparison of the predicted center-of-panel thermal conductivities with (a) the experimental results for peek
spacer; (b) the experimental results for mesh spacers; (c) experimental results of frame-type spacer; and (d) the
numerical results of [19].
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mesh-type spacer, and frame-type spacer in Figure 13a–c, respectively. The
experimental results in Figure 13a–c are obtained by the heat flux meter method
(simultaneous evacuation thermal conductivity measurement) and the detail of
experiment is described in Section 4.1.3. Further, the currently predicted results
are compared with the numerical results of [19], as revealed in Figure 13d. The
current model is inspected at pressure from 0.1 to 10 Pa. The predicted results in
Figure 13a–c clarified that the model accurately predicts the center-of-panel thermal
conductivity for the proposed TVIPs with different core structures with error less
than 11%. This error is at lower pressure for the mesh-type spacer because of two
reasons. The first reason is that at lower pressure, the contact between the rods
become larger due to the flexibility of the rods. This reality is difficult to be consid-
ered in the simulation. The second reason may be attributed to the outgassing from
the core structure.

Further, the current model is verified for the silica aerogel spacer with the
results proposed in [19]. In this part, the silica aerogel spacer dimensions, boundary
conditions, and vacuum zone dimensions are the same as those existing in [19], and
are displayed inside Figure 13d. The main difference between the present model
and the model developed by [19] is that the current model is a 3D model that uses S-
S radiation, whereas the model developed in [19] was one-dimensional. From
Figure 13d, a very good agreement is detected.

4. Performance evaluation method for transparent vacuum insulation
panels

4.1 Thermal conductivity

Steady-state thermal conductivity measurement method for a flat material is
used to evaluate the thermal insulation performance of TVIP. Two methods are
commonly applied. The first one is the guarded hot plate (GHP) method and the
second one is the heat flux meter (HFM) method. Of these two methods, the HFM
method is recommended to use a standard sample with the same thermal conduc-
tivity as the material to be measured and to calibrate the heat flux meter. However,
there is no standard sample with a thermal conductivity comparable to the VIPs.
Therefore, the GHP method is said to be more suitable for high-precision measure-
ments. Also, if the inside of GHP apparatus can be evacuated, it is possible to obtain
the apparent thermal conductivity of TVIP for the set pressure. This means that the
GHP method can provide the “ideal” apparent thermal conductivity of TVIP.
Meanwhile, the HFM method has the advantage of easy measurement. In addition,
the HFM apparatus is inexpensive compared to the GHP apparatus. From these
reasons, in recent the HFMmethod is widely applied compared to the GHP method.
Especially, the HFM method is selected when the speed and convenience are
required such as quality control.

In the HFM method, TVIPs after vacuum sealing and TVIPs under evacuating
can be used. When the TVIP after vacuum sealing is used and the HFM method is
applied, the measured apparent thermal conductivity sometimes becomes higher
compared to the expected value due to the outgassing from the core material. On
the other hand, when the TVIP under evacuating is used and the HFM method is
applied (simultaneous evacuation thermal conductivity measurement), it is possible
to obtain the measured apparent thermal conductivity of TVIP for the set pressure
as well as the GHP method.

In the following, the outlines and examples of each measurement method are
introduced.
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4.1.1 Guarded hot plate method

Figure 14 shows a schematic diagram of the GHP method. The two specimens,
which have the same dimension and density, are positioned between the hot and
cold plates and guarded in an airtight chamber. The cold plates are heated such that
well-defined, selectable temperature difference ∆ToC is recognized between the
two plates. The input heat power Q (W) through an area A (m2) of the hot plate is
measured at the thermal equilibrium conditions. Further, the input power, sample
thicknesses, temperatures across the sample can be measured and hence the thermal
conductivity can be determined at the steady-state conditions. Additionally, this
method provides an evacuated space, which is accurate in evaluating the insulation
capabilities in a stable vacuum situation. Until reaching the steady-state heat flow
and vacuum level, the TVIP thermal conductivity, (λ), is estimated using the fol-
lowing equation:

λ ¼
Q=2A

∆T=d
(5)

However, gaps are generated in the evacuated chamber in GHP method. Espe-
cially, if the shape of specimen is flat plate and the surface is hard, gaps are
generated in the circled area in Figure 14. The gaps increase the thermal resistance;
therefore, the thermal conductivity of TVIP evaluated by Eq. (5) becomes smaller
due to the thermal resistance. Hence, the experimental result should be optimized
using the following equation to eliminate the influence of the gaps:

RVIP ¼ Rm � RVa1 � Rva2 � Rva3 (6)

where, RVa1, RVa2, and RVa3 are the thermal resistances of each gap. In addition,
the apparent thermal conductivity of TVIP can be obtained by the following equation.

λVIP ¼ LVIP=RVIP (7)

An example of the thermal conductivity measurement applying GHP method, in
which a frame structured core shown in Figure 15 is used as the specimen, is
demonstrated [7]. In this measurement, the inside the chamber of the GHP appara-
tus was reduced to 0.1 and 1 Pa. Then, the thermal conductivity was measured by
using GHP method. The experimental results and their optimized results by Eq. (7)
are shown in Table 2 [7]. Furthermore, they are compared with the result of
numerical calculation. Figure 16 illustrates the comparison of apparent thermal

Figure 14.
Schematic of the guarded hot plate apparatus [7].
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conductivity of TVIP between experiment and calculation [7]. These results indi-
cate that the optimized results are closer to the results of numerical calculation.

4.1.2 Heat flux meter method

Figure 17 shows a schematic diagram of the HFMmethod. The TVIP specimen is
inserted between the hot plate and the cold plate. The temperature of the hot plate
and the cold plate can be kept at constant. Then the heat flux is generated by the
temperature difference between the hot plate and the cold plate and it is measured
by the heat flux meter.

The apparent thermal conductivity of TVIP is measured based on a Fourier
equation of one-dimensional heat conduction, as the following:

λeff , exp ¼
qh þ qc

2

� �

�
LVIP

∆T
(8)

where the λeff,exp, qh, qc, LVIP, and ΔT are the TVIP measured thermal conduc-
tivity in W/m K, heat flux measured at the hot and cold sides of the sample

Figure 15.
Concept diagrams of the VIP specimen [7].

Table 2.
Guarded hot plate (GHP) experimental results [7].

Figure 16.
Comparison of the simulation and experimental results [7].
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measured using two heat flux sensors in W/m2, the TVIP thickness in m, and the
difference in temperatures across the sample sides in °C, respectively.

An example of the thermal conductivity measurement applying HFM method is
demonstrated [6]. Four types of core materials (peek spacer, mesh spacer, frame
spacer, silica aerogel spacer) are used and the specifications are shown in Figure 2
and the dimensions are indicated in Table 3 [6]. The VIPs are produced by inserting
the core materials, Low-E film (the emissivity is approximately 0.28), and oxide
calcium adsorbent packs into gas barrier envelopes and vacuum sealing. The sealing
was performed after the pressure inside chamber was lower than 0.1 Pa. Then, the
apparent thermal conductivities of TVIPs were measured by using the heat flux
method. Figure 18 shows the measured apparent thermal conductivity according to
elapsed time [6]. The apparent thermal conductivity is increasing according to
elapsed time. This issue should occur due to the increased pressure, and the reason
should be due to the outgassing from the core material.

In addition, the core material outgassing is minimized in different methods.
First, Figure 19a [6], called “normal case,” the TVIP is assembled by the vacuum
sealing machine in Figure 2, and a calcium oxide powder placed in an adsorbent
pack is used to reduce the core outgassing. Second, in Figure 19b [6], called
“vacuum drying with N2,” all the TVIP components are placed inside an environ-
mentally controlled chamber. In this chamber, the temperature was maintained
constant at 70°C for a period of 24 h. After that, the TVIP structure is evacuated
using another vacuum machine with turbomolecular vacuum pump to keep the
pressure at 0.1 Pa. This could enhance the release of the outgassing from the core
material of the TVIP. Then, nitrogen is supplied to the chamber then the nitrogen is
exhausted. Finally, the TVIP is evacuated and evacuated and sealed using the
machine in Figure 2.

Figure 17.
Schematic diagram of heat flux method apparatus.

Table 3.
Detailed dimensions of the current structured-core and TVIPs [6].
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Third, Figure 19c [6], called “heating,” a new method is introduced to decrease
the production processes used for the fabrication of the TVIP. In this method,
heating up the VIP is conducted during the evacuation using two flat silicon rubber
heaters. This helps the outgassing during the evacuation. The heaters temperatures
were kept at 70°C using controller. In both second and third methods, calcium oxide
adsorbent packs were kept inside the TVIP. Finally, in the fourth method displayed
in Figure 19d [6], called “gas adsorbent getter,” a different absorbent material is
used. This material contains calcium oxide with alloy getter. The calcium oxide is
used to absorb the water vapor and the alloy getter is used to absorb other gases
such as nitrogen and carbon dioxide. Therefore, the pressure increase due to the
outgassing could be decreased.

In Figure 20a [6], the predicted thermal conductivity variation with time is
displayed for the four trial production methods. The comparison is executed for the
TVIP with frame type. It is found that the use of getter material during the fabrica-
tion process achieves the lowest thermal conductivity compared to other methods.
Further, manufacturing the VIP without using calcium oxide is the worst option.
Because using the getter material attained the best results, further fabrication
method is applied here. The use of getter is compared with the use of a calcium

Figure 18.
Measured apparent thermal conductivity according to elapsed time [6].

Figure 19.
Trial manufacturing methods for the frame-type VIP (a) normal method with calcium oxide adsorbent,
(b) using vacuum drying chamber with N2, (c) using flat silicon rubber heaters during the evacuation, and
(d) using gas adsorbent getter [6].
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oxide pack. The results were recorded for 75 h and are showed in Figure 20b [6].
The results showed that using getter material attained a lower panel effective
thermal conductivity compared to using calcium oxide desiccant packs. The

Figure 20.
Variation of the center-of-panel thermal conductivity with the elapsed time for (a) different trial
manufacturing methods and (b) two different outgassing adsorbent materials [6].

Figure 21.
Experimental apparatus used in the estimation of the VIP thermal conductivity: (a) Schematic diagram,
(b) real images of the used test apparatus, and (c) real images of the used peek, frame, and mesh VIPs and the
transparent gas barrier film [6].
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minimum achieved thermal conductivity was about 0.011 W/m K, and this value
corresponds to 5 Pa in the case of using getter. This clarifies that the VIP inner
pressure is increased after the sealing, because of core material outgassing.

4.1.3 Heat flux meter method (simultaneous evacuation thermal conductivity
measurement)

Figure 21 shows the simultaneous evacuation thermal conductivity measurement
applying HFM method [6]. This technique achieves evacuation with simultaneous
measuring of the thermal conductivity. In this experimental setup, the vacuum pump
is connected with the experiments of the heat flow meter (HFM). Three sides of the
VIP were sealed thermally using the large width sealing in the vacuum sealing
machine. The width of the sealing was 9 mm. Then, fourth edge of the envelope is
kept connected to the hose/pipe of a small-scale vacuum pump. The experimental
setups are showed in Figure 21. The vacuum pump in this setup consists of two
vacuum pumps. One is a series connected reciprocating and turbomolecular vacuum
pump. Pirani pressure gauge is used to measure the VIP inner pressure. The VIP and
the sensor used for pressure measurement can be easily isolated from the system by
the mean of valve. The experiment starts with operating the reciprocating pump to

Figure 22.
Schematic representation for the illuminance measurement [6].

Table 4.
Measured transparency for the experimentally examined VIPs [6].
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decrease the VIP inner pressure to around 20 Pa. Then, the turbomolecular pump is
operated to decrease the inner pressure until reaching the desired value. The
turbomolecular vacuum pump with the oil free type is favorable for these applica-
tions, as suggested by [18]. The pressure sensing device was located closer to the inlet
part of the VIP; this allows us to precisely measure the pressure inside the VIP. After
reaching the desired vacuum level, the VIP sample is inserted into the HFM appara-
tus. The measurement of thermal conductivity is the same as the normal HFM
method. Examples of experimental results are indicated in Figure 13a–c.

4.2 Transparency

The light transparency experiment is described in Figure 22 [6]. In this experi-
ment, the TVIP sample is positioned on a reflection diffuser. Then the TVIP sample
is irradiated using incandescent light lamp. An 800-nm wavelength was measured
and the illuminance intensity in μW/(cm2 nm) is measured with and without the
TVIP shading. The transparency percentage is defined as the ratio between the
measured value of the transmitted light intensity while using the TVIP the same
value while not including the TVIP.

Table 4 shows the transparency percentage of all the fabricated TVIPs [6].
These transparency percentage is the TVIPs without the glass window of 3 mm. It is
obvious that the transparency values for the manufactured VIPs vary between 0.65
and 0.9, for mesh-type and the cylindrical-pillar VIPs, respectively. Further,
because the modified peek spacer was studied numerically, the predictable trans-
parency could be similar to that of the peek type spacer.

5. Additional performance analysis of transparent vacuum insulation
panels

5.1 Thermal performance analysis under American Society for Testing and
Materials (ASTM) boundary conditions

A 3D model is developed and solved for the investigated TVIPs while they
attached to a 3 mm glass layer thick. The temperature contours on both the cold and
hot sides, heat flux, and U-value of the VIP samples were predicted at the ASTM
boundary conditions. In ASTM boundary conditions, the indoor air temperature
and the convection heat transfer coefficients were 21.1°C and 8.3 W/m2 K while the
same for the outdoor conditions were �17.8°C and 30 W/m2 K, respectively.

The 3D temperature contours on the vacuum region at a vacuum pressure of
0.1 Pa are depicted in Figure 23. Figure 23 shows a considerable temperature
difference exists among the two sides of the vacuum gap. The maximum tempera-
ture difference was for the mesh-type spacer. Further, using the mesh-type VIP
with 3-mm glass decreases the center of pane U-value from 6.3 to 1.14W/m2 K. This
considerable decrease in the U-value declines the heat loss from the indoor envi-
ronment of the building. Furthermore, using silica aerogel-based VIP, higher U-
value was obtained. This due to the high heat is transfer rate through the silica
aerogel spacer.

5.2 Annual energy analysis

The hourly variation and total annual thermal energy transferred through the
proposed VIP to the indoor environment is calculated, analyzed, and compared
with the customary window without VIP. The VIP is attached to the 1 m2
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single-layered glass window with 3 mm thickness. In this calculation, the indoor
air temperature is at 20°C, with an indoor convective heat transfer coefficient
(HTC) of 7.7 W/m2 K as recommended by Refs. [18, 20]. In addition, two typical
climate conditions at Ishigaki island (24.41°N, 124.17°E) as a hot region, and
Sapporo, Hokkaido (43.06°N, 141.35°E) as a cold region are examined in Japan.
Figure 20a and b show the hourly variation of ambient temperature and wind
speed, respectively. These meteorological conditions at Ishigaki city are measured
by the authors, and that for Sapporo was downloaded from Japan Meteorological
Agency website. In-house MATLAB code is developed to estimate the hourly and
the annual thermal energy transfer. The minimum ambient temperature in Sapporo
city is �10°C while the maximum air temperature in Ishigaki island is 32°C.

The model adopted in this section is a one-dimensional quasi-steady model. This
model is an efficient for a long-term energy evaluation, as it predicts results with
reasonably accepted accuracy in a short period of time.

In this model, the following assumptions are applied:

1.The heat transferred in one-dimensional and under a quasi-steady state condition.

2.The effect of the contact thermal resistance between the VIP and the glass
window is neglected.

Figure 23.
Predicted 3D temperature contours of the investigated VIPs using American Society for Testing and Materials
(ASTM) boundary conditions [6].
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3.The impact of sol-air is not considered as we assume that no solar radiation
strikes the exterior surface of the window.

The steady-state conduction heat flux transfer through the VIP-glass window
system to the indoor space is calculated by Eq. (9):

q ¼
Ta tð Þ � Tið Þ

1
hc,i

þ
δg

kg
þ δv

kv
þ 1

hc,o tð Þ

� � (9)

where, q, δg, kg, δv, kv, and hc,i are the total thermal heat flux in W/m2, glass
thickness in m, glass thermal conductivity in W/m K, VIP thickness in m, VIP
thermal conductivity in W/m K, and the inside convective heat transfer coefficient
in W/m2 K, respectively. Please note that the negative sign of q indicates that the
heat loss from the building, which occurs when the outside temperature is less than
the indoor designated temperature. The outdoor convective HTC variation with
time is calculated as a function of wind speed and ambient temperature according to
ambient temperature-dependent equation derived by Nusselt-Jürges [21]. This
equation is written for smooth surfaces, such as the exterior surfaces of windows, as
shown in Eqs. (10) and (11) [21]:

hc,o tð Þ ¼ 5:678 0:99þ 0:21�
294:26

273:16þ Ta tð Þ

� �

�
U∞ tð Þ

0:3048

� �� 	

at U∞ tð Þ<4:88
m

s

� �

(10)

hc,o tð Þ ¼ 5:678 0:5�
294:26

273:16þ Ta tð Þ

� �

�
U∞ tð Þ

0:3048

� �0:78
( )

at 4:88≤U∞ tð Þ< 30:48
m

s

� �

(11)

Here, hc,o tð Þ, Ta (t), and U∞ tð Þ are the hourly convective HTC at the exterior
surfaces of the window in W/m2 K, the hourly ambient temperature variation with
the time in °C, and the hourly wind speed in m/s, respectively. The constants in
Eqs. (10) and (11) are empirical constants derived from the experiments developed
by Nusselt-Jürges. Table 5 lists the thicknesses of the VIPs with the relevant ther-
mal conductivities at a pressure of 1 Pa for different spacers [6].

The hourly variation of the heat flux for the single-layered glass window with-
out/with a frame-type VIP attached to the internal surface of a glass window is
shown in Figure 24a and b for Sapporo and Ishigaki, respectively [6]. These two
figures show that attaching the VIP to the single-layer glass windows of existing
buildings can reduce the heat loss/gain from/to the building in cold and hot weather
conditions, respectively. Hence, it is highly recommended to use the VIP in cold
regions such as Sapporo, where the temperature difference between the outside
ambient temperature and the inside designed conditions can reach to maximum
value of 30°C.

Table 5.
Detailed thickness and center-of-panel thermal conductivities of the investigated VIPs at 1 Pa [6].
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The hourly variation of the thermal heat flux in W/m2 for a single layer window
with/without VIP under climate conditions of Ishigaki Island and Sapporo city are
displayed in the Figure 25, While, the total thermal energy transfer per unit floor
area per annum in kW h/m2/annum is calculated and compared for all VIPs with
different spacer structure is illustrated in Figure 26a and b for Sapporo and
Ishigaki, respectively [6]. First, the total annual heat flux in W/m2/annum is the
summation of loss and gain heat transfer. For the Sapporo region, it is obvious that
the total annual heat flux loss is dominant heat transfer occurred in this region,
owing to the cold weather. In addition, attaching a frame VIP to the inside surface
of a customary 3-mm glass window reduces the heat loss from the buildings by
69.5% compared with the typical window without VIP. In contrast, for Ishigaki
region, the heat gain from the window has a significate share of the total heat
transfer rate, and a 65.1% decrement in the annual heat gain is accomplished by
using the VIP combined with 3-mm glass windows.

6. Summary

New, low-cost transparent vacuum insulation panels (TVIPs) using structured
cores are proposed. These TVIPs are different from the well-known conventional

Figure 24.
Hourly variation of (a) ambient temperature and (b) wind speed for Ishigaki and Sapporo cities in Japan [6].
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VIP, which has a solid core material structure and opaque metalized film barrier
envelope. The proposed novel TVIPs are showed a high thermal insulation capabil-
ity, which could attached to the windows of existing buildings. The five spacers,
which are namely peek, modified peek, mesh, silica aerogel, and frame, are selected
as the structured core. Numerical simulations are developed to evaluate the effec-
tive thermal conductivity of TVIPs with five different spacers at different pressure
levels, and the results are compared to the experimental pairs. The results indicate
that the frame-type spacer with a thickness of 3 and 2 mm attain the lowest center-
of-panel thermal conductivities of 6.5 � 10�3, it followed by the mesh-type spacer,
which achieved a value of 6.8 � 10�3 W/m K at a vacuum pressure of 1 Pa,
respectively. The predicted U-values for the mesh spacers was 1.14 W/m2 K at
ASTM boundary conditions. Moreover, attaching a frame-type TVIP with a

Figure 25.
Hourly variation of the thermal heat flux transfer in W/m2 for (a) Sapporo and (b) Ishigaki in the case of
using single-layered glass window and the frame-type VIP attached to the glass window as an example. The VIP
with the glass window is displayed at the right of the figure [6].

Figure 26.
Variation of the total annual heat flux transfer in a unit of kW h/m2 for (a) Sapporo and (b) Ishigaki
region [6].
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thickness of 3 mm to an existing window decreases the space heat loss by approxi-
mately 69.5%.

The TVIPs have the significant potential to promote thermal insulation capabil-
ity of the windows of existing buildings with low cost. On the other hand, the
challenge of TVIPs is to keep the low pressure inside the envelope after vacuum
sealing. As shown in the result of thermal conductivity measurement applying HFM
method and using a TVIP after vacuum sealing, the apparent thermal conductivity
is increasing according to elapsed time. The reason should be due to the outgassing
from the core material; therefore, it is important to reduce the outgassing to realize
the TVIPs.
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Nomenclature

A vacuum insulation panel front area (m2)
a length of span (m)
E emissive power density (W/m2),
E y Young’s modulus (Pa)
hc,i convection heat transfer coefficient to building interior

[W/(m2 K)]
hc,o convective heat transfer coefficient to building exterior

[W/(m2 K)]
k thermal conductivity [W/(m K)]
Lv transparent VIP thickness (m)
P vacuum pressure (N/m2)
R thermal resistance [(m2 K)/W]
q heat flux (W/m2)
T temperature (oC)
U∞ wind speed (m/s)

Greek symbols

Δ difference
δ thickness (m)
ε emissivity (unitless)
λo air thermal conductivity [W/(m K)]
λv vacuum space thermal conductivity [W/(m K)]
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μ Poisson’s ratio
σ coefficient of uniform loading to a rectangular flat plate
ω deflection (m)

Subscripts

a ambient
avg average
c VIP cold side
eff effective
g glass
h VIP hot side
h-c between the hot and the cold side of the VIP
i interior
in entering the surface
m measured
out exiting from the surface
VIP VIP
v vacuum space
v1, v2, v3 vacuum layer
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