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(既存建築の断熱改修に寄与する薄型·軽量の真空断熱材とその適用方法に関する研究) 

 

  Retrofitting the insulation in older buildings would reduce the energy required for heating, 

resulting in cost and energy savings. Usually, insulation performance is poor in older buildings. 

This study aimed at retrofitting insulation to existing buildings by applying vacuum insulation 

panels (VIPs). As a state-of-art thermal insulation, a VIP has almost 10 times insulation 

performance than conventional thermal insulations. However, conventional VIPs also have issues, 

such as: expensive production cost, lack of airtightness, complex construction, low durability and 

big thermal bridge. In order to develop new type VIP and retrofit insulation to existing buildings, 

the authors divided the study into retrofit insulation in windows with developed transparency VIP 

and retrofit insulation to walls with developed filling type VIP. The details present in each 

Chapters:  

  Chapter 1 is the introduction, background of this study is presented. Applying VIPs to retrofit 

insulation to existing buildings is good for energy conversation. And objective and proposal are 

established in this Chapter. 

  Chapter 2 presents the historic development of VIPs. In general, VIPs are divided into two 

types: filling VIPs and vacuum layer VIPs, determined by the way in which the vacuum layer is 

generated. The filling VIPs include a gas barrier envelope and a core material. This core material 

is usually a glass wool, polyester fiber, silica powder, or any other porous material. The filling 

type VIPs are often used in new buildings to improve the insulation performance of the walls. 

Vacuum glazing which a representative of transparency evacuated product consists of an outer 

pane of low-emissivity glass and an inner pane of clear float, with a vacuum in between rather 

than air or another gas.  

  Chapter 3, from this Chapter, the authors are developing slim and light-weight vacuum 

insulation panels (VIPs) by producing vacuum layers with spacers and plastic plates aimed to 

retrofit insulation to windows. The developed VIPs have the advantages of a low cost and easy 

installation in existing buildings. In addition, one of the developed VIPs is slim and translucent 

so that it can be easily used for windows. In this view, the authors propose a vacuum layer type 



 

 

 

slim translucent VIP and focus on a reasonable design method. Next, the authors introduce the 

design process in which the structural design is obtained with element mechanical analysis and a 

three-dimensional analysis is conducted for the VIP element. In the study, a heat transfer model 

is used to predict the insulation performance through numerical analysis. Subsequently, the 

authors perform an experiment to measure the thermal conductivity to validate the performance 

prediction. Finally, case studies are performed to confirm how the different design conditions 

affect the insulation performance. The optimum design of the vacuum layer type slim and 

translucent VIP will have sufficient structural strength to hold and maintain the vacuum layer. The 

thermal conductivity is approximately 0.007 𝑊/(𝑚 · 𝐾)  that can effectively improve the 

insulation performance in applications. 

  Chapter 4, to ensure the performance of our proposal, the authors proposed a frame structural 

VIP so that the total material area is reduced and the possibilities of gas generation should be also 

reduced. Then, the authors propose a frame structural slim translucent VIP and focus on a 

reasonable design method. The same process as Chapter 3, after design and validation, the thermal 

conductivity is approximately 0.0049 𝑊/(𝑚 · 𝐾)  that can effectively improve the insulation 

performance in applications. 

  Chapter 5, the authors give 5 different proposal to test and validate the VIP performance, of 

course these 5 models are totally transparent design. In this Chapter, the authors analyzed the 

experimental result and the outgassing and desorption issue should be the largest effect to VIP 

production. Additionally, the mesh and frame structural VIPs can achieve a relatively better 

insulation performance, however, the local thermal bridge is big effect and the transparency is not 

good due to the concentrated web. Finally, the authors summarized the properties of those 

transparent VIP models, and the reasonable suggestion can be proposed to improve the 

performance further. 

  Chapter 6, proposal of an overlapped VIP combination to retrofit insulation to walls. Slim and 

multiple layered VIPs can be applied to reduce the effect of the thermal bridge, for improving the 

architectural insulation performance. In this Chapter, a calibration hot-box apparatus is setup to 

evaluate the “U” values and the apparent thermal conductivity of a multilayered combination of 

VIPs. Then, a calculation model is generated for analyzing the insulation performance of full-

scale VIPs, which is solved using Finite Element Analysis (FEA). As per the experimental results, 

the apparent thermal conductivity in a triple layer application should be 1.083 times that of the 

original; numerical results demonstrate that for a large VIP application with a triple layer, the 

apparent thermal conductivity is 1.004 times the original. 

  Chapter 7, summary of this study, discussed the design method and every proposal has been 

validated and the objective is reached with various achievements. Finally, the outlook and 

perspective are given in the end. 
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Nomenclature 

 

𝐴 Measurement area [𝑚2] 

𝑎 Span between spacers [mm] 

𝐶 Thermal conductance [𝑊/(𝑚2 · 𝐾)] 

𝐷 Stiffness [N/m] 

𝑑 Thickness [m] 

𝑑𝑝 Thickness of acrylic plate [mm] 

𝑑𝑚 Molecular diameter [nm] 

𝐸 Young’s modulus [Pa] 

𝐸 Emission coefficient [-] 

𝐺r Grashof number [-] 

𝑔 Acceleration due to gravity [𝑚/𝑠2] 

𝐾 Absolute temperature [K] 

𝑘 Boltzmann constant [J/K] 

𝐿𝑣 Thickness of vacuum layer [m] 

𝑙 Mean free path of air [m] 

𝑀 Molecular mass [𝑔/𝑚𝑜𝑙] 

𝑃 Pressure [Pa] 

𝑃b Pressure ratio [-] 

𝑃0 Atmospheric pressure [Pa] 

𝑃r Prandtl number [-] 

Q Average electric power [𝑊] 

𝑄0 Heat from the heater, without heat loss [𝑊] 

𝑅 Thermal resistance [(𝑚2 · 𝐾)/𝑊] 

𝑇 Temperature [𝐾] 

∆𝑇 Temperature difference between hot and cold plates [𝐾] 

𝑈 Overall heat transfer coefficient [𝑊/(𝑚2 · 𝐾)] 

𝑈0 Overall heat transfer coefficient for polystyrene foam [𝑊/(𝑚2 · 𝐾)] 

𝑣 Kinematic viscosity [𝑚2/𝑠] 

 
Greek symbols 

𝛼 Convection heat transfer rate [𝑊/(𝑚2 · 𝐾)] 

𝛼𝑡𝑖, 𝛼𝑡𝑜 Overall heat transfer coefficients of the low and high 

temperature sides 

[𝑊/(𝑚2 · 𝐾)] 

𝛽 Coefficient of volume expansion [-] 



 

 

 

𝛽0 Accommodation coefficient [-] 

𝛾 Specific heat ratio [-] 

𝜃 Average temperature [℃] 

𝜃𝑛 Ambient temperature [℃] 

𝜎 Stefan–Boltzmann constant [𝑊/(𝑚2 · 𝐾4)] 

𝜆 Thermal conductivity [𝑊/(𝑚 · 𝐾)] 

휀 Emissivity [-] 

𝜇 Poisson ratio [-] 

𝛿 Coefficient when rectangular flat plate is functioned 

by uniform load 

[-] 

�̅�𝑚𝑎𝑥 Maximum deflection [mm] 

 
Subscripts 

𝑎 Average  

𝐶 Cold/ Calibrated  

𝑐 Conduction/Chamber  

𝑚 Mean  

𝐻 Hot  

ℎ High temperature  

𝑙 Low temperature  

𝑃 Plate  

𝑟 Radiation/ Surface of the Baffle plate  

𝑠 Specimen surface  

1, 2 Surface 1 or 2  

𝑉𝐼𝑃 Vacuum insulation panel  

𝜈 Vacuum layer  

𝜈𝑎1, 𝜈𝑎2, 𝜈𝑎3 Gaps in GHP apparatus  

Foam Polystyrene foam  
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Chapter 1 

Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1.1 Research background 

  The future is uncertain, both short and long term. Nowadays, the energy demand and 

consumption are increased growth along with the World’s changing which consist of the 

population growth and development needs. Figure 1-1 shows the schematic diagram of 

the energy demand [1]. Furthermore, according to IEA data from 1990 to 2008, the average 

energy use per person increased 10% while world population increased 27%. Regional 

energy use also grew from 1990 to 2008: Middle East increased by 170%, China by 146%, 

India by 91%, Africa by 70%, Latin America by 66%, the USA by 20%, the EU-27 block 

by 7%, and world overall grew by 39%. The energy consumption growth in the G20 

slowed down to 2% in 2011, after the strong increase of 2010.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1 Schematic diagram of energy demand trend 



 

 

 

 

Figure 1-2 shows world primary energy consumption in quadrillion Btu from 1980 to 

2010 by region according to the U.S. Energy Information Administration [2]. Here, Btu is 

British thermal unit, 1 Btu can be converted into 2.931×10-4 GWh. 

 

 
Figure 1-2 World primary energy consumption in quadrillion Btu from 1980 to 2010 by 

region 

Energy demand is driven by economic growth, changes in individual sectors’ 

contributions to this growth, technology developments and investor and consumer 

decisions. These decisions are in turn influenced by market signals, lifestyle and other 

broad societal trends, and policy. Superior equipment is often more expensive so that only 

a portion of technical replacement possibilities makes economic sense to investors, and 

replacement decisions are normally bound by equipment lifetimes. History shows that 

energy consumption is becoming more efficient, but also suggests that it is not easy to 

politically push the pace of improvements. Research on the impacts of existing energy 

efficiency policies is inconclusive. There are examples of energy intensities declining as 

a direct result of policy intervention. 

Globally, energy demand has grown in a fairly stable relationship to GDP. IEA data 

suggests a ratio of global primary energy demand growth to global GDP growth of 0.70 

for the 1972-2014 period. Dividing the world into the OECD countries on the one hand 

and all other countries on the other, and focusing on the shorter, more recent 1990-2014 

period, shows a ratio of 0.32 for the former countries and a ratio of 0.62 for the latter. As 



 

 

 

economies mature, they become more service and high-tech industry based and require 

less energy to sustain growth. OECD area primary energy consumption seems to have 

levelled out. IEA data suggest that between 2009 and 2014 a 1.8% per year increase in 

GDP generated a mere 0.1%/y increase in energy demand. Outside the OECD area, 

however, a 5.5%/y growth in GDP drove a 3.8%/y growth in energy use. The non-OECD 

share of world energy demand increased from 48% in 1990 to 62% in 2015, and continues 

to increase. Figure 1- 3 illustrate the yearly World primary energy demand (a) and the 

trend growth with GDP increasing (b) [3]. In the Figures, unit mtoe in Y axis is tonne of 

oil equivalent, and 1 mtoe can be converted into 11630 GWh from IEA source. 

 

 

Figure 1-3 (a) Yearly growth of the World primary demand 



 

 

 

 

Figure 1-3 (b) The World primary energy demand trend with GDP 

 

No doubt that the environmental load and energy nowadays are two of the biggest 

problems all over the world. The Climate change; which was noticed from the 50th of 

19th century; and the oil crises at 1973 are examples of this problem. For the human 

being’s future, the sustainable development is considered to be one of the most important 

common topics in the world. Up to now, for this common target, some agreements and 

necessary procedures with world-wide cooperation are in progress, and the technical 

researches about the new energy and environmental load controlling draw more attentions. 

Generally, the aim and the result of social development are to improve common 

people’s living quality. However, this improvement always indicates energy requirement 

increasing. Fig.1-4 shows the schematic diagram of society development and the 

corresponding environmental load [4]. 



 

 

 

 

Figure 1-4 Schematic diagram of society development and the corresponding 

environmental load 

 

  According to the experience of developed countries, the environmental load growth is 

always the result of the developing process. Afterward, the World paid attention to this 

issue and invented more developed technology to control it. Environmental load in most 

of the developed countries were under controlled and then got reduced gradually. 

Therefore, developed countries have experienced the environmental load procedure of 

low-high-low. In Figure 1-4, the black solid curve shows this procedure.   

As for the developing countries, because of the technical and financial limitations, the 

environmental controlling was not handled as well as the developed countries did. With 

the increasing of the environmental problems, it is easy to assume that if the developing 

countries following the track of developed ones, global environment will face more 

serious damage. Therefore, solving the contradictions between social development and 

environmental issues for the developing areas is a meaningful topic as well as an urgent 

target. In Figure 1-4, the dash line shows the targeted development procedure of 

developing countries, this curve is flatter than the black solid one, which means the 

developing areas should not track the old way of developed countries and should have a 

developing procedure with few environmental loads increasing. 

A vacuum insulation panel (VIP) is a form of thermal insulation consisting of a gas-

tight enclosure surrounding a rigid core, from which the air has been evacuated. It is used 

in building construction to provide better insulation performance than conventional 

insulation materials. VIPs consist of: 1) Membrane walls, used to prevent air from 



 

 

 

entering the panel; 2) A panel of a rigid, highly-porous material, such as fumed silica, 

aerogel, perlite or glass fiber, to support the membrane walls against atmospheric pressure 

once the air is evacuated; 3) Chemicals (known as getters) to collect gases leaked through 

the membrane or off-gassed from the membrane materials. These are added to VIPs with 

glass-fiber or foam cores, because cores with bigger pore size require a higher vacuum 

(less than about 100 Pa) during the planned service life. Heat transfer occurs by three 

modes: convection, conduction and radiation. Creating a vacuum practically eliminates 

convection, since this relies on the presence of gas molecules able to transfer heat energy 

by bulk movement. A small decrease in pressure has no effect on the thermal conductivity 

of a gas, because the reduction in energy-carrying molecules is offset by a reduction in 

collisions between molecules. However, at sufficiently low pressure, the distance between 

collisions exceeds the size of the vessel, and then the conductivity does reduce with 

pressure. Since the core material of a VIP is similar in thermal characteristics to materials 

used in conventional insulation, VIPs therefore achieve a much lower thermal 

conductivity (k-value) than conventional insulation, or in other words a higher thermal 

resistance per unit of thickness. Typically, commercially available VIPs achieve a thermal 

conductivity of 0.004 𝑊/(𝑚 · 𝐾) across the centre of the panel, or an overall value of 

0.006~0.008 𝑊/(𝑚 · 𝐾) after allowing for thermal bridging (heat conduction across the 

panel edges) and the inevitable gradual loss of vacuum over time [5]. The thermal 

resistance of VIPs per unit thickness compares very favourably to conventional insulation 
[6]. For instance, standard mineral wool has a thermal conductivity of 0.0044 𝑊/(𝑚 · 𝐾) 
[7], and rigid polyurethane foam panels about 0.0024 𝑊/(𝑚 · 𝐾). This means that VIPs 

have about one-fifth the thermal conductivity of conventional insulation, and therefore 

about five times the thermal resistance (R-value) per unit thickness. Based on a typical k-

value of 0.007 𝑊/(𝑚 · 𝐾) , the R-value of a typical 25 mm-thick VIP would be 

3.5 (𝑚2 · 𝐾)/𝑊. To provide the same R-value, 154 mm of rockwool or 84 mm of rigid 

polyurethane foam panel would be required. However, thermal resistance per unit price 

is much less than conventional materials. VIPs are more difficult to manufacture than 

polyurethane foams or mineral wools, and strict quality control of manufacture of the 

membranes and sealing joins is important if a panel is to maintain its vacuum over a long 

period of time. Air will gradually enter the panel, and as the pressure of the panel 

normalizes with its surrounding air its R-value deteriorates. Conventional insulation does 

not depend on the evacuation of air for its thermal performance, and is therefore not 

susceptible to this form of deterioration. However, materials like polyurethane foam are 

susceptible to water absorption and performance degradation as well. In addition, VIP 

products cannot be cut to fit as with conventional insulation, as this would destroy the 



 

 

 

vacuum, and VIPs in non-standard sizes must be made to order, which also increases the 

cost. So far this high cost has generally kept VIPs out of traditional housing situations, 

However, their very low thermal conductivity makes them useful in situations where 

either strict insulation requirements or space constraints make traditional insulation 

impractical. VIP performance is also temperature dependent — with increasing 

temperature, convective and radiative transfer increase. Furthermore, typical panels 

cannot operate much above 100 °C due to the adhesive used to seal the thin envelope. 

 

1.2 Research objective and significances 

  According to the previous background, it clear that we are focusing on reducing the 

environmental load, especially, in the buildings. Of late, various energy saving techniques 

are being employed in new buildings; however, these techniques are difficult to apply to 

existing buildings. Especially in Japan, the window’s thermal insulation performance in 

an existing building is generally poor and it is important to improve this insulation 

performance. Applying a high insulation glass such as low-e triple glass or vacuum 

glazing can improve the insulation performance but there are some issues in the 

application to existing buildings, which are high cost and difficulty to construction. The 

authors developed a new model of a VIP that is thin and translucent and can be easily 

installed in buildings including even the windows, as illustrated in Figure 1-5. This VIP 

model consisted of two plates with a low-e film coating achieved using a gas barrier film, 

whereas the vacuum layer was supported by plastic spacers core any other core structures. 

 



 

 

 

 

Figure 1-5 Concept diagram of the VIP application to buildings 

 

1.2.1 Research objective 

  The authors are developing a slim and translucent vacuum insulation panels (VIPs) by 

producing vacuum layers with spacers. The developed VIPs have the advantages of low 

cost and can be set easily on the window due to its light weight. Therefore, the VIPs have 

the large potential to simplify the retrofitting insulation and improve drastically the 

thermal insulation performance of existing buildings. Furthermore, to have a reasonable 

design for this translucent vacuum layer type VIP, both the structure can hold the vacuum 

layer and the heat transmittance should be small enough to get a good insulation 

performance. The authors tested lots of core material and possibilities of core structures, 

then, an appropriate development is proposed.  

  The thermal bridge, previously known as the cold bridge, has a significant negative 

impact on the architectural performance. Slim and multiple layered vacuum insulation 

panels (VIPs) can be applied to reduce the effect of the thermal bridge, for improving the 

architectural insulation performance. The authors proposed an overlapped combination 

method to install the VIPs to the surface of building envelop directly. This application 

method can simplify the construction and reduce the effect of thermal bridge efficiently. 

Also, the high cost performance and simple construction can reduce the effect of 

degradation, which is the biggest issue of VIPs. 

  In this study, Sapporo city will be taken as an example to carry on the testing of the 



 

 

 

VIP applications, the experiment is set up as the application method to against the serious 

cold in winter.  

  The purpose of this research is shown as following: 

(1) Develop a vacuum insulation panel with transparent materials which consist of two 

steps: a) design a reasonable structure to hold the vacuum layer; b) estimate the 

heat transmittance to evaluate the insulation performance. 

(2) Trial manufacture and experimental measurement to validate the insulation 

performance of VIPs with different core material or core structures to improve the 

insulation performance again. 

(3) Experimental measurement to evaluate the application performance and reduction 

of thermal bridge effect. 

(4) Actual test the insulation performance and improvement with a field experiment. 

 

1.2.2 Research significances 

The significances of this research have the following aspects. 

(1) The proposed VIP has the vacuum layer which hold by the core structure, the 

thickness will be easy to smaller than 5 mm, and the light-weight provide a simple 

construction. 

(2) The proposed VIP have very good insulation performance. The apparent thermal 

conductivity should be reach to 0.005~0.008 𝑊/(𝑚 · 𝐾) , and the overall heat 

transfer coefficient can be lower than 2 𝑊/(𝑚2 · 𝐾). 

(3) The proposed VIP is made of transparent materials, thus, the completed production 

will also a certain extent transparency or just called translucent. Therefore, we can 

apply the product to the windows with attachment installation. 

(4) Materials for manufacturing are all cheap, thus, the VIPs will have a good cost 

performance. Degradation is the biggest effect to evacuated products, the good cost 

performance means we can replace the deteriorated VIP to a new one directly. 

(5) The proposed VIP overlapped combination application method can quite reduce the 

effect of thermal bridge, the apparent thermal conductivity shows 1.004 time of 

original thermal conductivity of a applied VIP. 

(6) The heating load can be reduced to half of original by applying the VIPs, it can be 

just 30~36% of original if the windows is applied the translucent VIPs too. 

(7) In an actual field experiment, the environmental load reduction can be achieved as 

good as our prediction. 

 



 

 

 

1.3 Flow of doctoral dissertation 

  Reconsideration of the development history and what should be studied further, the 

authors proposed to develop a new type with slim thickness, light weight, cost efficiency 

and translucent to retrofit insulation to windows in existing buildings. The specific way 

to implement can be divided as retrofitting insulations to windows and to walls, 

respectively. And the detailed process and considerations will present in following 

Chapters, the flow of my doctoral dissertation is shown as Figure 1-5. 

 

 

Figure 1-5 Flow of doctoral dissertation 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Reference: 

[1] The 2017 edition of Energy Perspectives, analysts at Statoil, June 8 2017. 

[2] Martin Kraus - own, data source: U.S. Energy Information Administration 

(http://www.eia.gov/countries/data.cfm) 

[3] World Energy Statistics 2017, 2017 Edition, IEA source. 

[4] En Li, Passive Design Strategy on Residential Buildings for Sustainable Development 

of Lhasa, Doctoral thesis in Xi’an University of Architecture and Technology. 

[5] Vacuum insulation in the building sector: systems and applications, Annex 39: High 

performance thermal insulation (HiPTI), The IEA Energy in Buildings and Communities 

(EBC, formerly known as ECBCS) Programme, 2005, retrieved 2011-10-10 

[6] Fricke, J; Heinemann, U; Ebert, HP (2008-03-14), "Vacuum insulation panels—From 

research to market", Vacuum, 82 (7): 680–690, Bibcode:2008 Vacuum. 82. 680 F, 

doi:10.1016/j.vacuum.2007.10.014 

[7] Rockwool roll, Rockwool, retrieved 2011-10-10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

Vacuum insulation products and 

conventional study 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

2.1 Introduction  

  Most insulation materials have been developed before 1950 but the extensive use of 

thermal insulation started only after the oil crisis in 1973. Since the oil crisis, the thermal 

insulation of buildings became the key element to prevent heat losses and to improve 

energy efficiency. For a long time for regions with an extended annual heating period, 10 

cm of standard insulation such as expanded or extruded polystyrene, foamed polyurethane 

(PU), fiber-glass, etc., were considered as good insulation. But energy specialists 

calculated that the economically optimized thickness should be 30-50 cm depending on 

the specific climatic conditions. Today, many existing building regulations and standards 

demand U-value that is approximately equal to 0.2 𝑊/(𝑚2 · 𝐾)  for roofs and walls, 

which means about 20 cm thick insulation layers. Many architects have a problem with 

such regulations. They want to create spaces, not insulated bunkers. The problem of thick 

insulation layers is especially critical in the case of renovated buildings where there are 

severe limitations on space and also many other technical constraints. 

  Various sources indicate that buildings have big energy saving potential, especially, 

for the existing buildings which insulation performance is poor. Currently, there are a lot 

of effective technologies are applied to new buildings to reduce energy consumption such 

as: smart energy management, renewable energy system, heat recovery ventilation and 

high insulation technique, etc. However, these new techniques are difficult to install to 

existing buildings, thus, insulation retrofit to existing buildings is a effective way to 

contribute to energy conservation. A vacuum insulated panel (VIP) is a form of thermal 

insulation consisting of a gas-tight enclosure surrounding a rigid core, from which the air 

has been evacuated. It is used in building construction to provide better insulation 

performance than conventional insulation materials. As a modern state-of-the-art thermal 

insulation, VIPs have a thermal resistance that is approximately 10 times higher than that 

of equally thick conventional polystyrene boards, and the insulation performance if 

applied VIPs has been investigated in some studies (Taesub Lim 2017; Alfonso Capozzoli 

2015; Seung-Yeong Song 2014) [1-3]. 

In general, VIPs can be divided as filling type and vacuum layer type through the 

generation form of vacuum layer. Filling type VIPs contained a gas barrier envelope and 

“core material”, usually, core material is selected as glass wool, polyester fiber, silica 

powder or any other porous materials. The filling type VIPs are well used in some new 

buildings to improve the insulation performance to walls. Vacuum glazing by R.E. Collins 

[4-10], a well investigated study which maintained a vacuum layer by using spacers. A 



 

 

 

vacuum glazing consists of an outer pane of low-emissivity glass and an inner pane of 

clear float, with a vacuum rather than air or another gas in between. Then, the durability 

of spacers is investigated and the material selection for spacers is discussed. R. E. Collins 

and Simko (1998) give a details description of the high insulation performance technique 

for vacuum glazing [11]. According to their study, a Japanese company (Nippon Sheet 

Glass Co., 2005) developed a double layer vacuum glazing as a commercial product with 

“U” value in 1.5 W/(m2 · K)  [12]. Ulster studies the edge thermal conduction and 

sealing method to vacuum glazing (Griffiths et al., 1998) [13]. The Fraunhofer Institute 

for Solar Energy Systems developed a hermetic glazing edge seal for vacuum glazing 

based on a sputtered metallic layer and a soldering technique (Wittwer, 2005; Baechli, 

1991; Baechli, 1992; Sager-Hintermann and Baechli, 2002) [14-17]. There studies above 

well investigate vacuum glazing and achieved good insulation performance to new 

constructions. However, the weight of vacuum glazing is so heavy that it’s not good 

enough to insulation retrofit to existing buildings due to the additional construction cost. 

So far, activities in the field of vacuum glazing have mainly focused on glazing with a 

single evacuated cavity. However, so-called hybrid insulating glazing units—triple 

glazing featuring both an evacuated and a gas-filled cavity—have been proposed and 

manufactured with the aim of cutting thermal transmittance (Asano et al., 1999). Units of 

this kind with thermal transmittances between 0.7 and 0.9 are now commercially available 

(Nippon Sheet Glass Co., 2005). Following publication of the review article by Collins 

and Simko (1998), several additional patent applications have been filed in relation to 

vacuum glazing in recent years. These, for example, cover manufacturing or processing 

methods (Veerasamy, 2000; Demars, 1999; Poix et al., 2001; Zhao and Zhao, 2002; 

Futagami et al., 2003) and techniques for applying a dry carbon lubricant between the 

pillars and glass surfaces in order to reduce scratching or cracking of the glass during 

temperature-induced relative movement (Collins and Tang, 2000). Very recently, a triple 

vacuum glazing employing thin wires in the cavities to support glass sheets was patented 

(Wuethrich, 2005). Collins and Simko (1998) suggested baking the glazing during the 

evacuation process at temperatures between 100 and 250 ℃ in order to remove gases 

from the internal surfaces. More recent work by Ng et al. (2003, 2005), and Minaai et al. 

(2005) has shown that higher temperatures (>350 ℃) during manufacture are needed to 

prevent a pressure increase when the glazing is exposed to sunlight. Despite the 

painstaking and promising efforts in the field of vacuum glazing, the thermal 

transmittances achieved by this glazing type still fail to meet the requirements of today’s 

advanced low-energy buildings. This study therefore sets out to investigate the theoretical 

potential of glazing with two evacuated cavities and support pillar arrays. As units with a 



 

 

 

second evacuated cavity can significantly improve on the thermal transmittance 

performance achieved by present triple glazing with inert gas filled cavities, the triple 

vacuum glazing concept holds considerable potential for low-energy building 

applications. The progress made in recent years in the fields of low-emittance coatings, 

materials and process technology has brightened the prospects of such an endeavour. This 

study uses analytical and numerical methods to identify suitable parameter sets for triple 

vacuum glazing, taking into account also the mechanical stresses due to atmospheric 

pressure [18]. By summarizing articles above, the significances are shown as follows 

(Table 2-1~Table 2-5). 

 

2.2 Energy in buildings  

The effect of a major adoption of the VIP (Vacuum Insulation Panel) technology by the 

construction industry on environment is expected to be absolutely huge. The official 

numbers for the EU given below show that using VIP in buildings could account for most 

of the very challenging target of 8% reduction in emission of greenhouse gases (Kyoto 

Protocol). 

The total final energy consumption in the EU in 1997 was about 930 Mtoe (Million 

tons oil equivalent). A simplified breakdown of this demand shows the importance of 

buildings in this context: 40.7% of total energy demand is used in the residential and 

commercial sectors, most of it for building-related energy services (Table 1) [19]. It 

should also be pointed out that approximately 10% of the consumed energy in buildings 

comes from renewable energy sources. Space heating is by far the largest energy end-use 

of households in EU Member States (57%), followed by water heating (25%). Electrical 

appliances and lighting make up 11% of the sector’s total energy consumption. For the 

commercial sector the importance of space heating is somewhat lower (52%), while 

energy consumption for lighting, office equipment and "other" (water heating, cooking 

and cooling) are 14%, 16% and 18%, respectively. 
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Table 2-1 Energy consumption of buildings in Europe 

 

 

  From these numbers it can be derived that more than 25% of EU energy consumption 

and also CO2 emissions are caused by heat transfer processes in buildings, which directly 

depend on insulation standards. It has to be kept in mind that these heat transfer processes 

not only do occur in the building envelope but also in boilers, refrigerators and freezers 

and cold storage rooms. 

 

2.3 Potential impact of VIP for building insulation 

In 1995, there were roughly 150 million dwellings in the EU-15; 32% of this stock was 

built prior to 1945, 40% between 1945 and 1975 and 28% between 1975 and 1995. The 

ratio, housing starts vs. housing stocks, varies between 1 to 2%. Therefore the reduction 

in CO2 emissions by using VIP technology depends largely on how well the new 

technology is adopted in retrofitting the old building stock, which to a large extent (around 

50%) is not insulated at all. This success depends not only on the technical solutions but 

also on regulations and energy prices. However, it can be assumed that the energy 

consumption of the dominating old buildings can be reduced by a factor of three. This 

means that the EU CO2 emissions would be reduced by about 8%, which is the reduction 

the EU agreed on in the Kyoto Protocol. Since VIP-based systems are thinner and their 

recycling economically attractive, the resource intensity will be lower than for 

conventional solutions. Additional important impacts are reduction in adverse 

environmental effects of transporting fuel (sea and land) to and inside Europe and also 

reduction in the rate at which the global energy reservoirs is depleted. Furthermore, if one 

takes into account that use of the VIP technology is not limited to Europe only, the 

numbers can be much more impressive. 

 

[%] [%]

57 52

25 9

11 14

7 16

5

4

Cooking

Space Heating

Water Heating

Lighting

Office Equipment

Cooking

Cooling

Residential Sector Commercial

Space Heating

Water Heating

Electric Appliance



 

 

 

2.4 Vacuum insulation today 

Currently VIP have only limited use, mainly in top models home refrigerators/freezers 

and cold shipping boxes. Japan controls more than 50% of the small global VIP market 

with several million panels per year. The VIP market in Japan is fast growing. The 

common core materials are fumed and precipitated silica, open-cell PU and several types 

of fiber-glass. Both metallized-film and aluminum foil laminates are being used to seal 

the vacuum. 

For buildings, most of the VIP activity is still in the R&D phase with some 

demonstration projects. Germany and Switzerland are the only countries where a market 

in its early stage has been established. Fumed silica boards are being used almost 

exclusively. Fumed silica is the best core material due to the small size of the pores and 

the low heat conductivity of the powder. 

 

  2.5 Physics 

The physics of heat transfer through conventional insulation materials is well known. 

A short description of the most important phenomena is given below. In conventional 

insulation materials like mineral wool, glass wool or organic foams the total heat transfer 

is dominated by the contribution of the (non-convective) gas within the hollow spaces or 

pores. 

Thus, a large potential for improvement of the insulation properties can be realized by 

reducing or even completely eliminating the gas conductivity. The gas conductivity in a 

porous medium is determined by the number of gas molecules as transfer medium as well 

as by the number of "walls" on the way from the hot to the cold side. At a high pressure, 

when the mean free path of the gas molecules is much smaller than the size of the pores, 

collision between the gas particles is the limiting mechanism for an efficient heat transfer. 

Here an increase in the gas pressure with an increase in the number of gas particles is 

correlated with a decrease in the mean free path. As the two effects, number of gas 

particles and frequency of collisions, compensate each other the thermal conductivity of 

a gas is nearly independent on the gas pressure, at higher pressures. 
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At atmospheric gas pressure the above behavior holds for most conventional insulation 

materials. Also, gaseous conductivity is determined by the thermal conductivity of the 

non-convective gas. Reducing the gas pressure by "evacuation", the gaseous conductivity 

remains almost unaffected until the mean free path attains values that are in the order of 

the size of the (largest) pores or higher. An extraordinary material in this regard is pressed 

powder boards made of fumed silica with the largest pores in the same order of magnitude 

as the mean free path of air molecules at atmospheric pressure (about 70 nm). For this 

material even at atmospheric pressure gaseous conductivity already is affected by the fine 

structure. It may be considered as "partially evacuated" and thus seems to be a favorite 

material for "evacuated" insulations. 

Current VIP-technology uses especially this material with the least requirements to the 

quality of the vacuum, that has to be achieved and maintained in combination with special 

high barrier films and foils, which fulfil the requirements for long term applications as in 

buildings (Figure 2-1). 

 

 

Figure 2-1 Components of a VIP. The core-bag provides mechanical stability for 

handling and protects the welding area from being polluted by core-powder [19] 

 

2.6 Core material 

The core material suitable for VIP production has to fulfil different requirements: very 

small pore diameter, open cell structure, resistance to compression (atmospheric pressure) 



 

 

 

and almost impermeable to infrared radiation. 

 

Pore diameter 

To reduce the gas conductivity in normal insulation materials the pressure has to be 

very low (Figure 2) which is difficult to maintain by an envelope mainly made of organic 

materials. That is why for VIP a combination of a nano-structured core material and 

pressure reduction is used. 

 

 
Figure 2-2 The small pore size of fumed silica or aerogels do reduce gas conductivity 

even at ambient pressure [20] 

 

Today produced VIP (fumed silica core) start with in internal pressure in the range of 

100 to 300 Pa. The VIP’s end of service life is reached when the gas conductivity is 

starting to rise (5000-100000 Pa). 

 

Cell structure 

To be able to evacuate the core material it has to be 100% open-celled, so that the gas 

(air) can be quickly removed out of the material. 

 

Stability 

The internal pressure of a VIP is only few mbar. Consequently, the pressure load on the 

panel is close to 1 bar or 10 tons/m2. The core material therefore has to be stable enough 



 

 

 

so that the pores do not collapse when evacuated. 

 

Radiation 

Besides gas conductivity, radiation has also to be reduced to reach very low 

conductivity values. This is done by adding opacifiers to the core material. 

 

Heat conductivity 

Today different organic and inorganic insulation materials with open-cell structure are 

available for the use as core for VIP-production. Corresponding to the pore size 

distribution, the solid conductivity and the radiation properties of a material, a specific 

heat conductivity results, depending on the gas pressure (Figure 3). The figure shows 

clearly the advantages of fumed silica: low conductivity up to a pressure of more than 50 

mbar and a conductivity at ambient pressure of half that of a conventional insulation 

material. 

 

 

Figure 2-3 The heat conductivity of fumed silica starts to rise only above a gas pressure 

of more than 5000 Pa [21] 

 

  Most models of conventional VIPs include a core material with a low-thermal 

conductivity coating of a gas barrier film (in particular, aluminum foil), and they are 

always used in refrigerators and thermoses. In the current good building practices, 

windows are considerably less well-insulating than other parts of a structural envelope. 

The necessity to reduce energy consumption requires the use of smaller windows than 



 

 

 

may be architecturally or aesthetically desirable that in turn reduces the potential for solar 

gain in cold climates. Therefore, the study of vacuum insulation technology that is applied 

to buildings is being performed since the 1990s. A representative study of the vacuum 

insulation technology is the study of vacuum glazing by R. E. Collins. In the 

corresponding research, pillars are used between two pieces of glasses to form a vacuum 

layer, and a low-e film is employed to reduce the thermal emissivity that is approximately 

0.9 for glass. Then, the durability of the pillars is investigated and their influence is 

discussed [22-28]. The cost to produce the vacuum glazing is compared with a model in 

which argon is filled in a pair glass with a low-e film, and the result shows a 25% increase 

in the cost. 

The study of the application of VIPs to buildings as panels and sheets is gaining 

prominence worldwide. An aluminum vapor deposited Polyethylene terephthalate (PET) 

film is used as a core material for analysis which called core material of metallic 

multilayer and fiber overlapping; however, it is yet to be manufactured. Analysis of the 

heat transfer model of nanoporous silica vacuum insulation material is proposed by 

Bouquerel. Kwon examined the powder, foam, and fiber type models, followed by the 

heat transfer model of the core material with a staggered beam. Finally, the fiber type 

model of the staggered beam core material was found to be effective. In addition, 

Johansson proposed a short-term in-situ performance measurement method for VIPs, and 

its accuracy is being verified [29-33]. 

 

In general, porous materials are used as the core materials, such as fumed silica, glass 

fiber, polymer foam and staggered beam structure. 

 

Glass fiber core material 

It is comprised of an evacuated open porous load bearing core material which is 

enveloped in high gas barrier envelope to maintain vacuum. In addition, adsorbent is 

essential to absorb residual gases released from core material and permeated by gas 

barrier multilayer foil film and heat seal layer, as shown in Figure 4 [34-35]. 

 

Silica aerogel core material 

Silica aerogel have a efficiency performance for insulating as a thermal conductivity 

reach to 0.01 𝑊/(𝑚 · 𝐾), in laboratory, silica aerogel is inserted to a gas barrier coating 

and sealed as a vacuum insulation panel. 

 



 

 

 

  2.7 Vacuum glazing 

While very similar to a double-paned, gas-filled window, vacuum glazing has one 

unique difference; there’s no air between the two panes of glass. Instead, the window is 

designed with a small hole that allows the oxygen to be removed from between the two 

pieces of glass and then sealed.  By doing so, the conduction and convection processes 

that normally occur are significantly reduced. The concept originated in 1913 but was not 

technologically feasible until the late 1980s. By the early 21st Century Nippon Sheet 

Glass Group made the first commercially available models, which have been 

implemented in Japan’s architectural designs for homes and businesses for over 10 years. 

Each of Pilkington SPACIA’s products utilizes low-e glass and coatings which produce 

energy performance ratings similar, if not better, than conventional double-glazed 

windows with low-e coatings but with a significantly thinner frame profile. Ranging from 

9mm to 21mm, Pilkington’s SPACIA products are useful for older homes that need 

refurbishment or for newer homes as their lightweight and thin frames will not sacrifice 

aesthetics for insulation capabilities.  

The concept diagram of vacuum glazing structural is shown as Figure 5 [36]. 

 

 

 

Figure 2-4 Concept diagram of structure for vacuum glazing 
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Vacuum glazing by R.E. Collins, a well investigated study which maintained a vacuum 

layer by using spacers. A vacuum glazing consists of an outer pane of low-emissivity 

glass and an inner pane of clear float, with a vacuum rather than air or another gas in 

between. Then, the durability of spacers is investigated and the material selection for 

spacers is discussed. R. E. Collins and Simko (1998) give a details description of the high 

insulation performance technique for vacuum glazing. According to their study, a 

Japanese company (Nippon Sheet Glass Co., 2005) developed a double layer vacuum 

glazing as a commercial product with “U” value in 1.5 W/(m2 · K). Ulster studies the 

edge thermal conduction and sealing method to vacuum glazing (Griffiths et al., 1998). 

The Fraunhofer Institute for Solar Energy Systems developed a hermetic glazing edge 

seal for vacuum glazing based on a sputtered metallic layer and a soldering technique 

(Wittwer, 2005; Baechli, 1991; Baechli, 1992; Sager-Hintermann and Baechli, 2002). 

There studies above well investigate vacuum glazing and achieved good insulation 

performance to new constructions. However, the weight of vacuum glazing is so heavy 

that it’s not good enough to insulation retrofit to existing buildings due to the additional 

construction cost. 

So far, activities in the field of vacuum glazing have mainly focused on glazing with a 

single evacuated cavity. However, so-called hybrid insulating glazing units—triple 

glazing featuring both an evacuated and a gas-filled cavity—have been proposed and 

manufactured with the aim of cutting thermal transmittance (Asano et al., 1999). Units of 

this kind with thermal transmittances between 0.7 and 0.9 are now commercially available 

(Nippon Sheet Glass Co., 2005). Following publication of the review article by Collins 

and Simko (1998), several additional patent applications have been filed in relation to 

vacuum glazing in recent years. These, for example, cover manufacturing or processing 

methods (Veerasamy, 2000; Demars, 1999; Poix et al., 2001; Zhao and Zhao, 2002; 

Futagami et al., 2003) and techniques for applying a dry carbon lubricant between the 

pillars and glass surfaces in order to reduce scratching or cracking of the glass during 

temperature-induced relative movement (Collins and Tang, 2000). Very recently, a triple 

vacuum glazing employing thin wires in the cavities to support glass sheets was patented 

(Wuethrich, 2005). Collins and Simko (1998) suggested baking the glazing during the 

evacuation process at temperatures between 100 and 250 ℃ in order to remove gases 

from the internal surfaces. More recent work by Ng et al. (2003, 2005), and Minaai et al. 

(2005) has shown that higher temperatures (>350 ℃) during manufacture are needed to 

prevent a pressure increase when the glazing is exposed to sunlight. Despite the 

painstaking and promising efforts in the field of vacuum glazing, the thermal 

transmittances achieved by this glazing type still fail to meet the requirements of today’s 



 

 

 

advanced low-energy buildings. This study therefore sets out to investigate the theoretical 

potential of glazing with two evacuated cavities and support pillar arrays. As units with a 

second evacuated cavity can significantly improve on the thermal transmittance 

performance achieved by present triple glazing with inert gas filled cavities, the triple 

vacuum glazing concept holds considerable potential for low-energy building 

applications. The progress made in recent years in the fields of low-emittance coatings, 

materials and process technology has brightened the prospects of such an endeavour. This 

study uses analytical and numerical methods to identify suitable parameter sets for triple 

vacuum glazing, taking into account also the mechanical stresses due to atmospheric 

pressure. 

 

  2.8 Application of Vacuum insulation panels 

  Vacuum insulation panels (VIPs) are regarded as one of the most promising high 

performance thermal insulation solutions on the market today. Thermal performances 

three to six times better than still-air are achieved by applying a vacuum to an 

encapsulated micro-porous material, resulting in a great potential for combining the 

reduction of energy consumption in buildings with slim constructions. However, thermal 

bridging due to the panel envelope and degradation of thermal performance through time 

occurs with current technology. Furthermore, VIPs cannot be cut on site and the panels 

are fragile towards damaging. These effects have to be taken into account for building 

applications as they may diminish the overall usability and thermal performance. Vacuum 

Insulation Panels (VIPs) have already found application in some specialist applications 

where minimal energy consumption is important and space is at a premium. This paper 

investigates the feasibility of widespread application of VIPs in the cold chain by 

embedding them into the polyurethane (PU) foamed walls of traditional refrigerator and 

freezer cabinets. Although the largest application of the Vacuum insulation panels (VIPs) 

concerns the refrigeration industry (60%) and transport boxes (30%) and only a tiny 

amount is used in the building industry (10%), the number of scientific publications 

dealing with VIPs with regard to the latter dominate since more than a decade. The main 

topics addressed therein are the aging of the VIP as a whole as well as the role of the 

components, under different long term hygrothermal stress conditions. There is a clear 

expansion of VIP applications in buildings from primarily German speaking countries, 

toward Europe, and then to overseas. Recent years have witnessed an increasing 

confidence in this product among researchers and practitioners interested in energy 

efficient buildings worldwide [37-40].  
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 2.9 Summary 

  The authors summarized article and discussed shown as Table 2-5, the studies of our 

development proposal will explain in the following content, and it’s easy to understand 

that the authors developed vacuum insulation panels with thinner thickness, lighter weight, 

translucent and cost efficiency. 

 

2.10 The present situation of research 

Vacuum insulation panels were developed some time ago for use in appliances such as 

refrigerators and deep freezers. Their insulation performance is a factor of five to ten 

times better than that of conventional insulation. Used in buildings they enable thin, 

highly insulating constructions to be realized for walls, roof and floors. 

The motivation for examining the applicability of high performance thermal insulation 

in buildings (i.e. evacuated insulation in the form of vacuum insulation panels) came from 

the difficulties involved in renovation — namely severe space limitations and therefore 

technical constraints, as well as from aesthetic considerations. 

Investigations have been performed individually on the core materials and laminates 

designed for the envelope as well as manufactured VIP. 

The introduction of such a novel insulation system in the building trade, however, is 

hampered by many open questions and risks. The work illustrates a wide selection of 

reports from practice, shows how the building trade deals with this new insulation system 

today, the experience gained and the constructions drawn there from. As well as 

presenting recommendations for the practical use of VIP, the report is also able to answer 

questions regarding the effective insulation values to be expected with today’s VIP. 
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Chapter 3 

Design of translucent 

vacuum layer type vacuum insulation 

panels by pillars support 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

3.1 Introduction 

 

The authors are developing slim and light-weight vacuum insulation panels (VIPs) by 

producing vacuum layers with spacers and plastic plates. The developed VIPs have the 

advantages of a low cost and easy installation in existing buildings. In addition, one of 

the developed VIPs is slim and translucent so that it can be easily used for windows. In 

this paper, first, the authors propose a vacuum layer type slim translucent VIP and focus 

on a reasonable design method. Next, the authors introduce the design process in which 

the structural design is obtained with element mechanical analysis and a three-

dimensional analysis is conducted for the VIP element. In the study, a heat transfer model 

is used to predict the insulation performance through numerical analysis. Subsequently, 

the authors perform an experiment to measure the thermal conductivity to validate the 

performance prediction. Finally, case studies are performed to confirm how the different 

design conditions affect the insulation performance. The optimum design of the vacuum 

layer type slim and translucent VIP will have sufficient structural strength to hold and 

maintain the vacuum layer. The thermal conductivity is approximately 0.007 𝑊/(𝑚 · 𝐾) 

that can effectively improve the insulation performance in applications. 

The guarded hot plate (GHP) method is considered because it is a satisfactory method 

for measuring very low thermal conductivities [1]. In particular, a vacuum GHP (VGHP) 

apparatus is manufactured to eliminate the residual gas conduction. A VGHP can maintain 

a high vacuum level (below 10−4 Pa), leading to effective measurement of thermal 

conductivities. 

The authors developed a new model of a VIP that is thin and translucent and can be 

easily installed in buildings including even the windows, as illustrated in Figure 3-1. This 

VIP model consisted of two plates with a low-e film coating achieved using a gas barrier 

film, whereas the vacuum layer was supported by plastic spacers. In this paper, the heat 

transfer calculation model for the above VIP is described and the calculation conditions 

are summarized to divide how strong the condition affect the insulation performance of 

VIPs. The calculated results are summarized and compared with each other. Subsequently, 

in the study, an experiment is conducted to measure the heat flux of the VIP samples and 

the results are compared with the calculated results. Finally, the insulation performance 

of the proposed VIP is discussed. In the study, Finite Element Analysis (FEA) is applied 

for predicting the heat transfer coefficient and thermal transmittance of the VIP under 

different conditions. A comparison of the insulation performance of the VIP with the 



 

 

 

different conditions is presented, and a standard calculation model is considered as the 

representative reference object for comparison. 

 

 

Figure 3-1 Concept diagram of the VIP application to buildings 

 

3.2 Mechanical analysis to design the assembly of components  

 

In this section, to determine the reasonable size of the VIP design, the authors discussed 

the stress analysis and the calculated maximum deflection. If the loading condition 

applied to the panel in the form of a distributed air compression is the same throughout 

as shown in Figure 3-2(A), mechanical analysis as depicted in Figure 3-2(B) [16], [17] will 

have to be conducted. The structural calculation model can be applied for calculating two 

possibilities, and Figure 3-3 shows the schematic of the calculation model. 

 

 

Figure 3-2 Outline of the mechanical analysis of the VIP 

 



 

 

 

 

Figure 3-3 Schematic of the calculation model 

 

In this calculation model, when the effective load is applied only through atmospheric 

pressure, maximum stress occurs in the center of the plate, whereas the minimum stress 

is on the edge. However, when only the elastic effect is present, the scenario is opposite 

to the above case, and hence, the stress direction is the reverse of the overall mechanical 

analysis. In this section, we define the relationship between the deflection and span 

(between the two spacer supports) by using the equations provided below. 

 

�̅�𝑚𝑎𝑥 = 𝛿 ×
𝑃0 × 𝑎4

𝐷
 (1) 

𝐷 =
𝐸𝑑𝑝

3

12(1 − 𝜇2)
 (2) 

 

For the acrylic plate, here, 𝐸  is the elasticity modulus (= 3.2 GPa) and 𝜇  is the 

Poisson's ratio (= 0.35) [-]. In this model, thickness of the acrylic plate 𝑑𝑝 = 1 mm, span 

𝑎 = 1 mm, 𝛿1 = 0.0138 [-] (coefficient when the rectangular flat plate is functioned by a 

uniform load, 𝛿2= 0.0611 [-] (coefficient when the rectangular flat plate is functioned by 

a uniform load) and effect in different stresses, and 𝑃0 = 1013 [hPa]. Figure 3-4 shows 

the maximum deflection of the acrylic plate (both sides: the front and back) with the 

spacers in different spans. 

 



 

 

 

 

Figure 3-4 Calculation results of the maximum deflections at different spans 

 

Figure 3-4 indicates that every designable load element can hold the vacuum layer 

within in the safety margin requirement for a mechanical design. To obtain and hold the 

vacuum layer, the authors decide the span of the spacers as 10 mm with an overall 

consideration of the stress affect and safety margin to ensure the application of the heat 

transfer model and specimen in the trial manufacture for experiment. The result ensured 

not only the formation of vacuum layer but also the surface can be maintained a relative 

flat. 

Subsequently, to confirm the structural design, the authors also generate a 3-D model 

using the simulation software, ANSYS workbench. The distribution of the total 

deformation for the VIP element that is modelled in Figure 3-2 (B) is shown in Figure 3-

6. The fixed boundary condition indicates the element analysis is reasonable to a full-size 

VIP and the meshing in Figure 3-5 shows the calculation result is pretty accuracy due to 

the totally 14039 nodes and 2808 elements. The result can well validate the mechanical 

analysis, indicating the structural design is reasonable to hold the vacuum layer and 

sufficiently flat for the application. 

 



 

 

 

 

Figure 3-5 Meshing in finite element analysis (3-D) 

 

 

Figure 3-6 Total deformation in a VIP element (3D) 

 

3.3 Framework of heat transfer calculation model  

 

3.3.1 1-D heat transfer calculation model 

 

Figure 3-7 presents the concept diagram of the 1 D calculation model. The plan (left) 

shows the model in 15cm×15cm, the element can be pick up as a analysis model in the 

Figure 3-7 (right). The calculation focus on solving the radiation and conduction through 

the double plate unit. 



 

 

 

 

Figure 3-7 One-dimensional calculation model of VIP 

 

The heat transmittance includes the radiant heat transfer in the vacuum space and 

conduction in the external surface and spacers. In this model, the heat transfer in the 

vacuum space is calculated as thermal resistance Ra [(𝑚2 · 𝐾)/𝑊 ]. When the spacers 

have ratio of area “S” between the two plates, thermal resistance Ra [(𝑚2 · 𝐾)/𝑊] can be 

expressed as below. 

 

 

(3) 

 

Radiant heat transfer αr is calculated by the following equation: 

 (4) 

 

Thermal conductivity of vacuum layer 𝜆𝑣 is calculated by the following equations:  

 

(5) 

 (6) 

 

  The equations above can be derived by conductive heat transfer in free-molecular-state 

below: 
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From equations (1) – (3) and the following equation, the apparent thermal conductivity 

of the vacuum layer including the spacer is calculated. 

 
(8) 

 

Here, 𝜆𝑣  is the thermal conductivity of the vacuum layer [𝑊/(𝑚 · 𝐾) ], 𝜆𝑠  is the 

thermal conductivity of the spacer [ 𝑊/(𝑚 · 𝐾) ], 𝛼  is the radiant heat transfer 

[𝑊/(𝑚2 · 𝐾)], d is the thickness of the vacuum layer [𝑚], 휀1 and 휀2 are the emittances 

of Plate 1 and Plate 2, respectively [-], 𝐶𝑏  is a constant of radiance [𝑊/(𝑚2 · 𝐾4) ], 

𝑇1 and 𝑇2 are the surface temperatures of Plate 1 and Plate 2, respectively [𝐾], 𝛾 is the 

specific heat ratio 𝑐𝑝/𝑐𝑣 [-], and 𝛽 is the accommodation coefficient. 

 

3.3.2 Numerical model for heat transfer calculation 

 

The analytical solution of the heat transfer through a VIP can be derived from a double 

plate unit [18]. Figure 3-8 (a) illustrates the heat transfer through a double plate unit, and 

Figure 3-8 (b) illustrates the schematics of thermal resistance of a double plate unit. The 

overall heat transfer coefficient can be obtained according this model. The heat 

transmittance of the VIP can ignore the convection in the vacuum space, and this will be 

explained in the following part. 

 

ava Rd

𝑄𝑐 = 18.2𝐴
𝛾 + 1

𝛾 − 1

𝛽𝑃

√𝑀𝑇
(𝑇1 − 𝑇2) 



 

 

 

 

Figure 3-8 (a) Schematic of heat transfer through a double plate unit 



 

 

 

 

Figure 3-8 (b) Schematic of thermal resistance for a double plate unit 

 

Calculation and design of the vacuum layer 

 

At a constant pressure or at the vacuum state, the mass and density will be different in 

each part owing to the inhomogeneous temperature distribution. The density differing 

parts will have a relative motion affected by the same gravity, and the heat transmission 

occurs through the motion. Along with the different vacuums, different fluids and flow 

states, shapes of the heat transfer surface, and different positions of the hot and cold 

surface, the power of the free convective heat transfer will also be different. Numerous 

experimental studies show that the free convection can be converted into a pure gas heat 

conduction. When the equation below is established, the free convection can be converted 

into pure gas heat conduction. 

𝐺𝑟𝑚 × 𝑃𝑟𝑚 < 103 (9) 

 

Here, 𝑃𝑟𝑚 is the Prandtl number. For air, nitrogen, and helium, 𝑃𝑟𝑚= 0.7. 𝐺𝑟𝑚 is the 

Grashof number. 

𝐺𝑟𝑚 =
𝑔𝛽∆𝑇𝐿𝑣

3

𝜐2
 (10) 

 



 

 

 

Here, 𝑔 is the gravity acceleration [m/𝑠2], 𝛽 is the coefficient of expansion [1/K], 

and 𝛽 can be described by the following equation [21]. 

𝛽 =
1

𝛾
(
𝜕𝑉

𝜕𝑇
)𝑃𝑏

2 (11) 

 

Here, 𝑃𝑏 is the pressure ratio, such that 𝑃𝑏 = 𝑃/𝑃0; 𝑃 is the vacuum pressure, [Pa]; 

𝑃0 is the atmospheric pressure, [Pa]; ∆𝑇 is the temperature difference between the cold 

and hot surface, [𝐾 ] 𝐿𝑣  is the thickness of the vacuum layer, [𝑚 ]; and 𝜐  is the 

kinematic viscosity, [𝑚2/𝑠 ]. Here, 𝑔 = 9.8  [𝑚/𝑠2 ], 𝐿𝑣 = 10−3  [m], ∆𝑇 = 25  [K], 

𝜐 = 1.323 × 10−5 [𝑚2/𝑠], and the assumed value of vacuum pressure 𝑃 = 1000 [Pa].  

Therefore, 𝐺𝑟𝑚 ≈ 2.085 × 106 (
103

105
)
2

= 2.085 × 102 < 103 , and this result shows 

that convection can transform into pure gas conduction in this model if the pressure is 

less than 1000 Pa. 

To achieve a lower thermal conductivity, the VIP with a vacuum layer between 0.1 Pa 

and 1 Pa will be calculated under the conditions. For a pressure of 0.1 Pa and 1 Pa, the 

convection can convert to pure gas conduction naturally, and therefore, the convection 

can be ignored in the calculation. 

Generally, for the analysis of the heat conduction of gases in an adiabatic space, the 

evaluation behavior to separate the air flow is defined by using the Knudsen Number 𝐾𝑛. 

A high Knudsen number indicates a low pressure, and thus, a slow molecular flow; 

whereas a low value of the Knudsen number suggests a viscous flow. Then, the rarefied 

gas heat conduction in the different states can be decided by evaluating the Knudsen 

number as defined in equations (12) and (13) [19]. 

𝐾𝑛 =
𝑙

𝐿𝑣
 (12) 

𝑙 =
𝑘𝑇

√2𝜋𝑑2𝑃
 (13) 

Here, 𝑙 is the mean free path of air, [m]; 𝐿𝑣 is the thickness of the vacuum layer, [m]; 

𝑘  is the Boltzmann constant, [J/K]; 𝑇  is the temperature, [K]; 𝑑  is the molecular 

diameter, [m]; and 𝑃 is the pressure, [Pa]. 

In this paper, temperature 𝑇 = 300 [𝐾] , 𝑘 = 1.38 × 10−23  [J/K], and molecular 

diameter 𝑑 = 0.37 [𝑛𝑚] . Then, equation (7) can be expressed as 𝑙 = 6.8 × 10−3/𝑃 . 

Assumed thickness of the vacuum layer 𝐿𝑣 = 1 mm; therefore, the Knudsen number is 

68, 6.8, and 0.68 when the pressure is 0.1 Pa, 1 Pa, and 10 Pa, respectively. Only if 

Knudsen number 𝐾𝑛 ≥ 0.5, the rarefied gas heat conduction is in the free molecular state. 



 

 

 

Then, the calculation of the vacuum layer can be decided and the detailed equations will 

be discussed in the next section. 

 

Establishment of heat transfer calculation model 

  Firstly, the calculation flow in Figure 3-9 shows the derivation of heat transmittance: 

 

Figure 3-9 Flow of derivation for heat transmittance 

The overall heat transfer coefficient of a VIP is defined by the following equations [14] 

[15]: 

𝑈 =
1

𝑅𝐶 + 1/𝐶𝑇 + 𝑅𝐻
 (14) 

 

Here, 𝑈  is the overall heat transfer coefficient [𝑊/(𝑚2 · 𝐾) ], 𝑅𝐶  and 𝑅𝐻  are the 

thermal resistances of the cool temperature and hot temperature sides [(𝑚2 · 𝐾)/𝑊 ], 

respectively, and 𝐶𝑇 is the conductance of vacuum insulation panel unit [𝑊/(𝑚2 · 𝐾)]. 

 



 

 

 

𝐶𝑇 =
1

𝑈𝑣
+ 2

𝑑𝑝

𝜆𝑝
 (15) 

 

Here, 𝑈𝑣 is the overall heat transfer coefficient between a vacuum space [𝑊/(𝑚2 ·

𝐾)], 𝑑𝑝 is the total thickness of the acrylic plate [m]; and 𝜆𝑝 is the thermal conductivity 

of the acrylic plate [𝑊/𝑚 · 𝐾) ]. The value of 𝑈𝑣  is calculated based on two parts, 

namely, the heat transfer in the vacuum space and in the spacers. 

 

𝑈𝑣 =
1

𝑅𝑣𝑐 + 𝑅𝑣𝑟
 (16) 

 

Here, 𝑅𝑣𝑐 and 𝑅𝑣𝑟 are the thermal resistances of the conduction and radiation in the 

vacuum space [𝑊/(𝑚2 · 𝐾) ]. In the vacuum space, the total heat transfer can be 

calculated by conduction and radiation. 

 

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
= 0 (17) 

 

Conduction can be calculated by the above equation, and it is considered that the heat 

transfer in the spacer is only the conductive heat transfer. The equation is the same as 

equation above. In this calculation, thermal conductivity of the vacuum space 𝜆𝑣 is a 

constant, and the thermal conductivity of the vacuum layer 𝜆𝑣  is calculated by the 

equation below: [22] 

 

𝜆𝑣 = 18.2𝐿𝑣
𝛾 + 1

𝛾 − 1

𝛽0𝑃

√𝑀𝑇
 (18) 

1

√𝑇
≅

2

√𝑇1 +√𝑇2
 (19) 

 

Here, 𝛾  is the specific heat ratio, Cp/ Cv [-] is specific heat ratio, and 𝛽  is the 

accommodation coefficient. The radiant heat transfer in the vacuum space is calculated 

by the equations below:  

 

𝑅𝑣𝑟 =
1

ℎ𝑣𝑟
 (20) 

ℎ𝑣𝑟 = 𝜎𝑇𝑚
3(휀1 − 휀2)𝜑1,2 (21) 



 

 

 

 

Here, 𝜎 is the Stefan–Boltzmann constant [5.67 × 10−8 𝑊/(𝑚2𝐾4)], 휀1 and 휀2 are 

the corrected emissivities of the two plates of the VIP at mean temperature 𝑇𝑚[K], and 

𝜑1,2 is the angle factor between the two plates of the VIP and can be calculated by the 

following equation: 

 

𝜑1, 2 =
1

𝐴2
∫ ∫

𝑐𝑜𝑠 𝜃1 𝑐𝑜𝑠 𝜃2
𝜋𝑟2𝐴2

𝛿12 𝑑𝐴1𝑑𝐴2
𝐴1

 (22) 

 

Here, 𝛿12 is determined by the visibility of 𝑑𝐴2 to d𝐴1; 𝛿12 = 1 if 𝑑𝐴2 is visible to 

d𝐴1 and 0 otherwise. 

 

3.4 Validation of numerical model by comparing with experimental 

results 

 

3.4.1 VIP production and its cost performance evaluation 

 

The VIP test specimen is produced as per the flow in Figure 3-9. The components are 

installed to a core structure initially and a low-e film is covered on the surface of core 

structure then inserted to a transparent gas barrier envelope. In order to prevent 

degradation with time, calcium oxide getter is sealed together with the core material. The 

getter absorbs gas and effectively prevents performance degradation. For the evacuated 

insulation material, the air tightness is critical and the components of the gas barrier film 

are depicted in Figure 3-11 (a), and the airtightness for oxygen and water vapor are 

depicted in Figure 3-11 (b). There’ re 3 reasonable transparent evacuated insulation 

products, silica aerogel core material VIP, vacuum glazing and the VIP we developed. For 

the economic considerations to retrofitting insulation to existing buildings, a reasonable 

product also required a good cost-performance, the Figure 3-12 shows the comparison of 

the industrial manufacture cost of these 3 insulation products. 

 



 

 

 

 

Figure 3-10 Manufacturing flow of the VIP specimens 

 

 

Figure 3-11 (a) Component diagram of the gas barrier film 

 



 

 

 

 

Figure 3-12 (b) Gas barrier performance of different materials 

 

 

Figure 3-13 Industrial manufacture cost of transparent evacuated insulation products 

 

3.4.2 Framework of guarded hot plate apparatus 

 



 

 

 

The measurement tools allow the determination of the thermal conductivity and 

thermal resistance of homogenous plates and inhomogeneous test specimens, if the 

specimens are plane and plate-shaped. The test specimens are installed between the 

heating and cooling plates. A constant heat flow flows through the test specimens in the 

stationary temperature state. The thermal conductivity is determined by the heat flow, 

mean temperature difference between the sample surfaces, and dimensions of the samples. 

In the steady state, the thermal conductivity of the specimen (λ) is derived by the equation 

as 

𝜆 =
𝑄/2𝐴

∆𝑇/(𝐿𝑣 + 2𝑑𝑝)
 (23) 

 

Here, Q [W] is the average electric power to the main hot plate, A [m2] is area of the 

main hot plate, ∆𝑇 [℃] is the temperature difference of the specimen surface, and 𝑙 [m] 

is average thickness of the specimen. Figure 3-14 shows the schematic of the GHP 

apparatus. The Pt-100 is applied to measuring the thermal conductivity as temperature 

sensors which the accuracy should be ±|0.15 + 0.002(𝑡)|. And there are 10 temperature 

sensors in the hot plate and 5 in the cold plate and set in different directions. 

 

 

Figure 3-14 Schematic of the guarded hot plate apparatus 

 

3.4.3 Frameworks of VIP specimen for GHP method and its calculation 

conditions and result 

 

Figure 3-15 shows the concept diagram of the VIP test specimens and models of the 

case study. In the GHP experiment, the specimen is pressed by hot and cold plates, and 

the pressure in the chamber is reduced to 0.1 Pa and 1 Pa, respectively. Figure 3-14 shows 



 

 

 

the comparison of the thermal conductivities obtained from the calculation and 

experimental result based on the pressure. 

An element of the VIP is selected to represent the calculation conditions. The 

calculation conditions and specific size of the VIP for the standard model are also depicted 

in Figure 3-13. In this calculation, the thermal conductivities of the plastic cylinder (pillar) 

spacer, acrylic plate, and vacuum layer are 0.3 [𝑊/(𝑚 · 𝐾)], 0.2 [𝑊/(𝑚 · 𝐾)], and 0.106 

[𝑚𝑊/(𝑚 · 𝐾) ] (the thermal conductivity can be calculated by equation (12)) [19],[22] , 

respectively, and the thermal emissivities of the acrylic plate and low-e film are 0.9 and 

0.3, respectively. The temperature difference for the calculation is 25 °C. 

 

 

Figure 3-15 Concept diagram of the VIP specimen and model for the case study 

 

There exist some influence factors in this experiment, particularly, the gaps between 

the hot and cold plates and the specimens. Therefore, the experiment result can be 

calculated by equation (15) to eliminate the influence of the gaps. In this experiment 

apparatus, the gaps are in the vacuum environment that is between the cold plate and 

specimen, specimen and thermocouple, and thermocouple and hot plate, respectively. 

 

𝑅𝑉𝐼𝑃 = 𝑅𝑚 − 𝑅𝑉𝑎1 − 𝑅𝑣𝑎2 − 𝑅𝑣𝑎3 (24) 

 

Here, 𝑅𝑉𝐼𝑃 [(𝑚2 · 𝐾)/𝑊] is the thermal resistance of a specimen, 𝑅𝑚 [(𝑚2 · 𝐾)/𝑊] 

is the thermal resistance of the experimental result, and 𝑅𝑉𝑎1, 𝑅𝑣𝑎2 and 𝑅𝑣𝑎3 are the 

thermal resistances of gaps 1, 2 and 3, respectively. Here, 𝑅𝑣𝑎 = 𝑅𝑣𝑐 + 𝑅𝑣𝑟  and 𝑅𝑣𝑐 

can be calculated by equation (12); this thermal resistance is not related to the thickness 

so that thermal resistance of the gaps is the same. 𝑅𝑣𝑟 is calculated by equations (14–

16), and thermal emissivity 휀 = 0.9. The experimental and optimization results that can 



 

 

 

be calculated by equation (19) is shown in Table 3-1. The simulation and experimental 

results are compared and illustrated in Figure 3-14. 

𝜆𝑉𝐼𝑃 = 𝐿𝑣/𝑅𝑉𝐼𝑃 (25) 

 

Table 3-1 Experimental results by GHP 

 

 

 

Figure 3-16 Comparison of the simulation and experimental results 

 

According to Figure 3-16, the results of the numerical model show a good agreement 

with the experimental results under a high vacuum. However, in the experiment, the 

sockets for the spacers also have gaps owing to the difference in the diameters that 

decrease the thermal conductivity. Furthermore, the result of the numerical model is lower 

than the one-dimensional (1 D) calculation result; this is probably because the numerical 

model can consider the thermal resistance in different axis directions. In addition, the 

thermal conductivity in the absence of the effect of spacers and plates shows the high 

performance of the evacuated space. 

 

Thermal conductivity

of VIP (Calculated）

Pressure Experimental thermal

conductivity

Experimental thermal

resistance

Thermal resistance in

the gaps

Thermal resistance of

VIP (Calculated)

0.1

1

2.9 1.45 0.21 0.83 0.005

3.6 1.17 0.17 0.65 0.006

[𝑚𝑊/ 𝑚 · 𝐾 ] [𝑊/ 𝑚 · 𝐾 ][ 𝑚2 · 𝐾 /𝑊] [ 𝑚2 · 𝐾 /𝑊] [ 𝑚2 · 𝐾 /𝑊][ a]

𝜆𝑚 𝑅𝑚 𝑅𝑣𝑎 𝑅𝑉𝐼𝑃
𝜆𝑉𝐼𝑃



 

 

 

3.5 Case study for vacuum layer type translucent VIP  

 

3.5.1 Calculation conditions for case study 

 

In this section, the vacuum layer type VIP is further considered and its performance is 

verified based on different design plans. By considering the cost performance, the authors 

determined the specification of the component of the VIP, so that the thermal 

conductivities of the plastic cylinder spacers and acrylic plate are 0.3 [𝑊/(𝑚 · 𝐾)] and 

0.2 [𝑊/(𝑚 · 𝐾)], respectively. The other conditions are presented in Table 3-2. 

 

Table 3-2 Calculation conditions in the case studies 

 𝐿𝑣 [m] P [Pa] 𝜆𝑣 [mW/(m·K)] 휀1 휀2 Layers 

Standard 

1.0×10-3 

0.1 0.106 0.3 0.9 1 

Case 1 1 1.06 0.9 0.9 1 

Case 2 1 5.3 0.3 0.9 2 

Case 3 0.5 5.3 0.3 0.9 1 

Case 4 0.1 0.106 0.9 0.9 1 

Case 5 1 1.06 0.3 0.9 1 

 

3.5.2 Result and discussion 

 

The comparison of the results from the case studies is shown in Figure 3-17. The 

calculated thermal conductivity in Case 1 is higher than that in the standard case owing 

to the higher thermal emissivity. Case 2 shows a better performance because the multiple 

layers cause the thermal conductivity of the vacuum layer to become half of that of a 

single layer. In Cases 3 and 5, the thermal conductivity of the vacuum layer decreases 

with the reduction in the pressure. The standard case has the lowest thermal conductivity 

when compared with Case 4 owing to the low-emissivity effect. 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 3-17 Comparison of the calculated results for the case studies 

 

 

3.6 Conclusion  

1) The authors proposed a vacuum layer type slim and translucent VIP with the 

advantages of a low manufacturing cost and easy application. 

2) By using a structural calculation model, the specifications of the spacers and plastic 

plates that can hold the vacuum layer structurally, were investigated. The result 

showed that the vacuum layer could be maintained when the span between the spacers 

was less than 10 mm. 

3) Heat transfer models were considered for the prediction of the thermal transmittance 

of the VIPs. The thermal conductivities of the VIPs were calculated by varying the 

calculation conditions of the pressure of the vacuum layer, thermal emissivity of the 

surface, and number of vacuum layers. The high-insulation performance was 

confirmed for future applications because the overall heat transfer coefficients were 

less than 2.0 𝑊/(𝑚2 · 𝐾) when the pressure of the vacuum layer was reduced to less 

than 0.1 Pa or a double vacuum layer was produced. 

4) The result showed that the thermal conductivity of a double layer VIP under a pressure 

of 1.0 Pa was practically similar to that of a single VIP under a pressure of 0.1 Pa. 

5) The numerical results were in better agreement with the experimental results under a 

pressure of 1 Pa because the numerical analysis can also consider the thermal 



 

 

 

resistance in different axis directions. Furthermore, to obtain a better insulation 

performance, using a multiple layer instead of a lower pressure could reduce the 

product cost and lead to an easy manufacture. 
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Chapter 4 

Development of frame structural VIP 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

4.1 Introduction 

 

Driven by updated building energy codes and green building initiatives across the 

world, vacuum insulation panel, also known as VIP, has become a desired insulation 

product for building envelope constructions. VIP has initial center-of-panel thermal 

conductivity of 0.004 𝑊/(𝑚 · 𝐾) or lower, and integration of VIP in building envelopes 

can reduce CO2 emissions and contribute towards ‘net-zero’ or ‘near-net-zero’ building 

constructions. Although VIPs have been applied in real-world constructions across the 

world, primarily in Asia, Europe and North America, it is still a novel building product 

under investigation. This overview paper is a summary of fundamentals, constituents, 

constructions and performances of VIPs. The paper shows there exists many advantages 

and challenges associated with the integration of VIPs in building envelope constructions. 

The speed at which VIPs will be integrated in building envelope construction in the 

coming years remains unclear; nevertheless, it is evident that vacuum technology is the 

promising way forward for sustainable building envelope constructions in the 21st 

century. 

In recent years, a great deal of effort has been dedicated to developing new 

technological solutions with the aim of reducing the heating and cooling energy 

consumption of buildings. One of the most promising solutions for the construction sector 

is the use of super insulation materials, such as vacuum insulation panels (VIPs) and 

Areogel-containing materials, in building envelope components.  They allow optimal 

thermal insulation levels to be achieved, while keeping the total thickness of the envelope 

components below a certain thickness. Nevertheless, some barriers have to be overcome 

in order to penetrate the building construction market and to be widely adopted by 

designers. In fact, although these materials show remarkable potential for reducing energy 

consumption, few investigations have been carried out so far to evaluate their 

effectiveness in real building applications. In particular, the effects of the configuration 

adopted for their installation, in terms of design and materials, and the procedures used 

to evaluate their overall performance need to be investigated in more detail. 

Vacuum glazing is a new form of transparent thermal insulation that operates on the 

same principles as the conventional Dewar flask. It consists of two flat sheets of glass, 

hermetically sealed together around the edges, and separated by a narrow evacuated space. 

The internal surfaces of the glass sheets are kept apart under the influence of atmospheric 

pressure by an array of small support pillars. The pillars are made from a high strength 



 

 

 

material, and are either metal ~stainless steel or Inconel 718, or ceramic ~alumina or 

zirconia. The design of vacuum glazing involves tradeoffs between the heat flow through 

the pillars, and the stresses in their vicinity due to atmospheric pressure. The pillars are 

typically 0.25–0.5 mm in diameter, and 0.1–0.2 mm high, and are spaced apart by 20–25 

mm. Transparent low emittance coatings on the internal surfaces of one or both of the 

glass sheets are used to reduce radiative heat transport to a low level. Both pyrolytically 

deposited coatings ~based on tin oxide, and sputtered coatings ~multilayer stacks of silver 

and dielectric materials have been successfully incorporated into vacuum glazing.3 

Vacuum glazing is applied in thermally insulating windows, and is therefore made in sizes 

up to 2 m in linear dimension, with glass sheets typically 3–4 mm thick. 

 

 

4.1.1 Development of nails support VIP 

 

  To simplify the production process and make contributions to the industrial production, 

the authors carried out the nail support VIP which is illustrated as Figure 4-1. 

 

 

Figure 4-1 Concept diagram of nail support translucent VIP 

 

  In this model, the VIP manufacture is simplified and it’s easy to make the double layer 

in Figure 4-2. 

 



 

 

 

 

Figure 4-3 Concept diagram of double layers nail support translucent VIP 

 

According to the result in Chapter 3, the multiple layers can increase the insulation 

performance which reach to a very low-pressure performance. In this case, the authors 

carried out the 3-D model to evaluate the insulation performance. The multiple layers’ 

performance is shown in Figure 4-4. 

 

 

Figure 4-4 Insulation performance in different conditions 

 

However, what about the actual performance in these models? The authors set up the 

heat flux meter apparatus to evaluate the real insulation performance, the specific of the 

heat flux meter apparatus will introduce in Chapter 5 in detail. Then, the apparent thermal 

conductivity is applied to evaluate the insulation performance and the result is shown in 

Figure 4-5. 



 

 

 

 

 

Figure 4-5 Experimental result of Nail and cylinder spacer support VIP 

 

According to the result in Figure 4-5, the apparent thermal conductivity of nail and 

cylinder spacer support VIP indicate the insulation performance is much higher than 

prediction initially. And the performance is rapidly degraded in 1 hour. It’s much higher 

than our objective, even though the guarded hot plate result can validate the insulation 

performance, however, the real performance is affect in several conditions. Such as the 

gas barrier performance, the internal gas generations and the gas permeation. In this study, 

the authors believe that the internal pressure is increased due to the gas generations, the 

components maintained the gas by absorption or other ways and desorption after heat 

sealing. Therefore, there is a good way to reduce the degradation effect that to reduce the 

absorption area. Then, the authors considered to another structure to hold the vacuum 

layer with smaller area. 

 

4.1.2 Mesh support translucent VIP 

 

  A good way to reduce the absorption area is remove the acrylic plate. However, in this 

structure is difficult to have a vacuum layer. The gas barrier film is not rigid material so 

that the concentration of web is heavily affect the flat in the surface also affect the 

completeness of vacuum layer. Some studies aimed in this method and one of them is 



 

 

 

shown as a concept diagram in Figure 4-6 [1]. 

 

 

Figure 4-6 The concept diagram of staggered beam combined with radiation shields 

core material VIP 

 

  In this published model, the result having a good performance in a ideal state and the 

outgassing is also discussed, however, the multiple overlapped layers cannot give a good 

transparent performance, also, the slim beam may not give a good vacuum layer and flat 

surface. Most important is the multiple layer with multiple low-e film increased the 

production cost. But this calculation model is valuable to refer. 

  These summarized studies show us it’s valuable to improve the translucent VIP with a 

frame structural core material. 

 



 

 

 

4.2 New proposal of frame structural VIP 

 

Of late, various energy saving techniques are being employed in new buildings; 

however, these techniques are difficult to apply to existing buildings. Especially, the 

thermal insulation performance is poor in existing buildings, hence, it’s important to 

improve the insulation performance. The VIP has the potential to improve the insulation 

performance effective, however, the conventional VIPs have some issues for their 

applications, such as: expensive cost due to complicated manufacturing process, low 

durability, possibility of fatal damage due to nailing, influence of thermal bridge. Also, 

there’s no commercial available translucent VIPs which can be applied to windows, 

whose insulation performances are lower. Therefore, it’s effective to develop the slim and 

translucent vacuum insulation panel and install to the existing buildings. The authors 

developed a new model of a VIP that is thin and translucent and can be easily installed 

and contribute to retrofitting insulation to existing buildings including even the windows, 

as illustrated in Figure 4-7. This VIP model consisted of a frame with a low-e film coating 

achieved using a gas barrier film, whereas the vacuum layer was supported by frame 

structure. With respect to the durability, if the VIPs are easy to install, the degraded ones 

can be replaced by new ones, owing to the highly cost-effective core material. In terms 

of the cost, simplification in the production of VIPs with slim and flat core material can 

be expected in the preparation stage. In this paper, the heat transfer calculation model for 

the above VIP is described and the calculation conditions are summarized to divide how 

strong the condition affect the insulation performance of VIPs. The calculated results are 

summarized and compared with each other. Subsequently, in the study, an experiment is 

conducted to measure the heat flux of the VIP samples and the results are compared with 

the calculated results. Finally, the insulation performance of the proposed VIP is discussed. 

In the study, finite element analysis (FEA) is applied for predicting the heat transfer 

coefficient and thermal transmittance of the VIP under different conditions. A comparison 

of the insulation performance of the VIP with the different conditions is presented, and a 

standard calculation model is considered as the representative reference object for 

comparison. 

 



 

 

 

 

Figure 4-7 Concept diagram of the VIP application to buildings 

 

4.3 Mechanical analysis and structural model 

 

The same considerations as previous analysis in Chapter 3, the mechanical analysis is 

carry out as a simply support beam. In this section, to determine the reasonable size of 

the VIP design, the authors discussed the stress analysis and the calculated maximum 

deflection. If the loading condition applied to the frame in the form of a distributed air 

compression is the same throughout as shown in Figure 4-8(A), element mechanical 

analysis as depicted in Figure 4-8(B) [3], [4] will have to be conducted. The structural 

calculation model can be applied for calculating two possibilities, and Figure 4-9 shows 

the schematic of the calculation model. This time the distributed load is affect on the 

frame. 

 



 

 

 

 

Figure 4-8 Outline of the mechanical analysis of the VIP 

 

 

Figure 4-9 Schematic of the calculation model 

 

In this calculation model, when the effective load is applied only through atmospheric 

pressure, maximum stress occurs in the center of the plate, whereas the minimum stress 

is on the edge. However, when only the elastic effect is present, the scenario is opposite 

to the above case, and hence, the stress direction is the reverse of the overall mechanical 

analysis. In this section, we define the relationship between the deflection and span by 

using the equations provided below. 

 

�̅�𝑚𝑎𝑥 = 𝛿 ×
𝑃0 × 𝑎4

𝐷
 (1) 

𝐷 =
𝐸𝑡3

12(1 − 𝜇2)
 (2) 

 

For the polycarbonate frame, here, 𝐸 is the elasticity modulus (= 2.32 GPa) and 𝜇 is 

the Poisson's ratio (= 0.39) [-]. In this model, width of the polycarbonate frame 𝑡 = 1 mm, 

span of 𝑎  = 10 mm, 𝛿1  = 0.0138 [-] (coefficient when the rectangular flat plate is 

functioned by a uniform load, 𝛿2= 0.0611 [-] (coefficient when the rectangular flat plate 

is functioned by a uniform load) and effect in different stresses, and 𝑃0 = 1013 [hPa]. 



 

 

 

Figure 4-10 shows the maximum deflection of the frame with the different spans. In 

addition, the authors also carry out the structural design by changing the width of frame 

from 0.5 mm to 1.5 mm, and changing the spans in 5 mm, 8 mm, 10 mm, 12 mm and 

15mm. And the variation of deflections is shown as Figure 4-11. 

 

Figure 4-10 Calculation results of the maximum deflections at different spans 

 

 

Figure 4-11 Comparison of deflections with different conditions 



 

 

 

 

Figure 4-10 indicates that every designable load element can hold the vacuum layer 

within in the safety margin requirement for a mechanical design. To obtain and hold the 

vacuum layer, the authors decide the span of the frame as 10 mm with an overall 

consideration of the stress affect and safety margin to ensure the application of the heat 

transfer model and specimen in the trial manufacture for experiment. Figure 4-11 

indicates the comparison of deflections based on different conditions, and the reasonable 

design should also consider the insulation performance and the transparency, therefore, 

frame width in 1 mm and span in 10 mm is suggested. Also, frame width in 1.2 mm and 

span in 15 mm is good for insulation performance and transparent requirement, however, 

this design cannot maintain a good vacuum layer in our proposal due to the gas barrier 

film is not a rigid material. 

Subsequently, to confirm the structural design, the authors also generate a 3-D model 

using the simulation software, ANSYS workbench. The distribution of the total 

deformation for the frame VIP that is modelled in Figure 4-8 is shown in Figure 4-13 with 

span of 10 mm and in Figure 4-14 with span of 5 mm. The fixed boundary condition 

indicates the element analysis is reasonable to a full-size VIP and the meshing in Figure 

4-12 shows the calculation result is pretty accuracy due to the totally 257791 nodes and 

49046 elements. The result can well validate the mechanical analysis, indicating the 

structural design is reasonable to hold the vacuum layer and sufficiently flat for the 

application. 

 

 

Figure 4-12 Meshing in finite element analysis (3-D) 



 

 

 

 

 

Figure 4-13 Total deformation in a VIP element (3-D) 

 

 

Figure 4-14 Total deformation in a VIP element (3-D) 

 

In Figure 4-13 and Figure 4-14, it’s clear that a concentrated web of a frame structure 

can provide a better performance to the resistance of deformation. However, a 

concentrated web also means the thermal bridge of the VIP will be bigger than a less 

concentrated web frame. Therefore, a overall consideration should support to give a 

reasonable design, the span in the frame element should be reasonable with the width of 

frame. 



 

 

 

 

 

4.4 Numerical model and insulation performance prediction 

 

The same as the pillars support VIP model, the frame structural VIP can also model 

with a FEA [5] ~ [9]. However, the area ratio for frame should be analyzed as two layers, 

the surface web and the support point, furthermore, the total insulation performance will 

predict with assume the emissivity of frame in 0.9. The 3-D calculation is carried out and 

the result is analyzed to compare with the experimental result. Schematic of heat transfer 

through a frame element is shown in Figure 4-15. 

 

Figure 4-15 Schematic of heat transfer through a frame element 

The “U” value is performed to evaluate a frame VIP element and defined by the 

following equations: 



 

 

 

𝑈 =
1

𝑅𝐶 + 𝑅𝑉 + 𝑅𝐻
 (3) 

where U is the overall heat transfer coefficient of the VIP (W/(m2·K)); 𝑅𝐶 is thermal 

resistance of low temperature surface ((m2·K)/W); 𝑅𝐻 is the thermal resistances of high 

temperature surface ((m2·K)/W). 𝑅𝑉 is the thermal resistance of evacuated space with 

frame ((m2·K)/W), calculation of 𝑅𝑉 can be categorized into conductive heat transfer 

and radiant heat transfer, defined as Equations (4–6) and Equations (7), (8), respectively. 

The 𝑅𝑉 is determined by the heat transfer model: 

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
= 0 (4) 

Heat conduction in evacuated space can be calculated by the above equation, and the 

heat transfer in the frame is considered the only conductive heat transfer. The equation is 

the same as the equation above. Here, the thermal conductivity of the evacuated space 𝜆𝑣 

is a constant, calculated by the equation below: 

𝜆𝑣 = 18.2𝐿
𝛾 + 1

𝛾 − 1

𝛽0𝑃

√𝑀𝑇
 (5) 

1

√𝑇
≅

2

√𝑇1 + √𝑇2
 (6) 

where 𝛾 is the specific heat ratio, defined as Cp/Cv, and 𝛽 is the accommodation 

coefficient. L in Equation (10) is categorized into with the frame and without the frame 

defined as 𝐿𝑣1 and 𝐿𝑣2 shown in Figure 8. 

The radiant heat transfer in an evacuated space is defined by the equations below: 

ℎ𝑣𝑟 = 𝜎𝑇𝑚
3(휀1 − 휀2)𝜑1,2 (7) 

where 𝜎 is the Stefan-Boltzmann constant (5.67 × 10−8 W/(m2K4)), ε1 and ε2 are 

the optimized emissivities of the gas barrier film and low-e film at mean temperature 𝑇𝑚 

(K), and 𝜑1,2  is the angle factor between the two surfaces of the VIP that can be 

calculated by the following equation: 

𝜑1,2 =
1

𝐴2
∫ ∫

𝑐𝑜𝑠 𝜃1 𝑐𝑜𝑠 𝜃2
𝜋𝑟2𝐴2

𝛿12 d𝐴1𝑑𝐴2
𝐴1

 (8) 

where 𝛿12 is determined by the visibility of 𝑑𝐴2 to d𝐴1, 𝛿12 = 1 if 𝑑𝐴2 is visible 

to d𝐴1 and is 0 otherwise. 

 

4.5 Trial production of the testing specimen 

 

4.5.1 VIP trial production 

 

The VIP test specimen is produced as per the flow in Figure 4-16. The frame is 



 

 

 

manufactured by a 3-D printer (specifications in Figure 4-17) initially and a low-e film is 

covered on the surface of frame then inserted to a transparent gas barrier envelope. In 

order to prevent degradation with time, calcium oxide getter is sealed together with the 

core material. The getter absorbs gas and effectively prevents performance degradation. 

For the evacuated insulation material, the air tightness is critical and the components of 

the gas barrier film are depicted in Figure 4-18. There’ re 3 reasonable transparent 

evacuated insulation products, silica aerogel core material VIP, vacuum glazing and the 

VIP we developed. For the economic considerations to retrofitting insulation to existing 

buildings, a reasonable product also required a good cost-performance, the Figure 4-19 

shows the comparison of the industrial manufacture cost of these 3 insulation products. 

 

 

Figure 4-16 Manufacturing flow of the VIP specimens 

 

 

Figure 4-17 Specifications of 3-D printer 

 



 

 

 

 

Figure 4-18 Component diagram of the gas barrier film 

 

 

Figure 4-19 Industrial manufacture cost of transparent evacuated insulation products 

 

4.5.2 Framework of guarded hot plate apparatus 

 

The measurement tools allow the determination of the thermal conductivity and 

thermal resistance of homogenous plates and inhomogeneous test specimens, if the 

specimens are plane and plate-shaped. The test specimens are installed between the 

heating and cooling plates. A constant heat flow flows through the test specimens in the 

stationary temperature state. The thermal conductivity is determined by the heat flow, 



 

 

 

mean temperature difference between the sample surfaces, and dimensions of the samples. 

In the steady state, the thermal conductivity of the specimen (λ) is derived by the equation 

as 

 

𝜆 =
𝑄/2𝐴

∆𝑇/𝑑
 (9) 

 

Here, Q [W] is the average electric power to the main hot plate, A [m2] is area of the 

main hot plate, ∆𝑇 [℃] is the temperature difference of the specimen surface, and 𝑑 

[m] is total thickness of the specimen. Figure 4-20 shows the schematic of the GHP 

apparatus. The Pt-100 is applied to measuring the thermal conductivity as temperature 

sensors which the accuracy should be ±|0.15 + 0.002(𝑡)|. And there are 10 temperature 

sensors in the hot plate and 5 in the cold plate and set in different directions. 

 

 

Figure 4-20 Schematic of the guarded hot plate apparatus 

 

Figure 4-21 shows the concept diagram of the VIP test specimens and models of the 

case study. In the GHP experiment, the specimen is pressed by hot and cold plates, and 

the pressure in the chamber is reduced to 0.1 Pa and 1 Pa, respectively. Figure 4-22 shows 

the comparison of the thermal conductivities obtained from the calculation and 

experimental result based on the pressure. 

An element of the VIP is selected to represent the calculation conditions. The 

calculation conditions and specific size of the VIP for the standard model are also depicted 

in Figure 4-21. In this calculation, the thermal conductivities of the polycarbonate frame 

is 0.2 [𝑊/(𝑚 · 𝐾)], and the thermal emissivities of the polycarbonate frame and low-e 



 

 

 

film are 0.9 and 0.3, respectively. The temperature difference for the calculation is 25 °C. 

 

 

Figure 4-21 Concept diagram of the VIP specimen and model for the case study 

 

There exist some influence factors in this experiment, particularly, the gaps between 

the hot and cold plates and the specimens. Therefore, the experiment result can be 

calculated by equation (10) to eliminate the influence of the gaps. In this experiment 

apparatus, the gaps are in the vacuum environment that is between the cold plate and 

specimen, specimen and thermocouple, and thermocouple and hot plate, respectively. 

 

𝑅𝑉𝐼𝑃 = 𝑅𝑚 − 𝑅𝑉𝑎1 − 𝑅𝑣𝑎2 − 𝑅𝑣𝑎3 (10) 

 

Here, 𝑅𝑉𝐼𝑃 [(𝑚2 · 𝐾)/𝑊] is the thermal resistance of a specimen, 𝑅𝑚 [(𝑚2 · 𝐾)/𝑊] 

is the thermal resistance of the experimental result, and 𝑅𝑉𝑎1, 𝑅𝑣𝑎2 and 𝑅𝑣𝑎3 are the 

thermal resistances of gaps 1, 2 and 3, respectively. Here, 𝑅𝑣𝑎 = 𝑅𝑣𝑐 + 𝑅𝑣𝑟  and 𝑅𝑣𝑐 

can be calculated by equation (12); this thermal resistance is not related to the thickness 

so that thermal resistance of the gaps is the same. 𝑅𝑣𝑟 is calculated by equations (14–

16), and thermal emissivity 휀 = 0.9. The experimental and optimization results that can 

be calculated by equation (11) is shown in Table 4-1. The simulation and experimental 

results are compared and illustrated in Figure 4-22. 

𝜆𝑉𝐼𝑃 = 𝐿𝑣/𝑅𝑉𝐼𝑃 (11) 

 

Table 4-1 Experimental results by GHP 

 

 

Thermal conductivity

of VIP (Calculated）

Pressure Experimental thermal

conductivity

Experimental thermal

resistance

Thermal resistance in

the gaps

Thermal resistance of

VIP (Calculated)

0.1

1

2.7 2.10 0.21 1.27 0.004

3.4 1.57 0.17 0.88 0.006

[𝑚𝑊/ 𝑚 · 𝐾 ] [𝑊/ 𝑚 · 𝐾 ][ 𝑚2 · 𝐾 /𝑊] [ 𝑚2 · 𝐾 /𝑊] [ 𝑚2 · 𝐾 /𝑊][ a]

𝜆𝑚 𝑅𝑚 𝑅𝑣𝑎 𝑅𝑉𝐼𝑃
𝜆𝑉𝐼𝑃



 

 

 

 

Figure 4-22 Comparison of the simulation and experimental results 

 

According to Figure 4-22, the results of the numerical model show a good agreement 

with the experimental results under a high vacuum. It’s valuable to predict the insulation 

performance in this model. Also, the frame structural VIP has very good insulation 

performance to retrofitting insulation in existing buildings. In addition, the thermal 

conductivity in the absence of the effect of supports and plates shows the high 

performance of the evacuated space. Then, the improvement of the design should be 

proposed in reasonable reducing thermal bridge of frame structure. 

 

4.6 Case study for frame structural translucent VIP 

 

4.6.1 Calculation conditions for case study 

 

In this section, the vacuum layer type VIP is further considered and its performance is 

verified based on different design plans. By considering the stability of frame, the authors 

determined the specification of the VIP, so that the thermal conductivities of frame is 0.2 

[𝑊/(𝑚 · 𝐾) ], the width of frame and span is controlled. The other conditions are 

presented in Table 4-2. 

 

 



 

 

 

Table 4-2 Calculation conditions in the case studies 

 

 

4.6.2 Result and discussion 

 

The comparison of the results from the case studies is shown in Figure 4-23. The 

calculated thermal conductivity in Case 2, Case 4 and Case 6 are higher than that in the 

Case 1, 3 and 5 owing to the higher thermal emissivity. Case 1 and Case 2 owing the 

higher conduction due to the area ratio is high, and a densely frame is not good for the 

transparency. Case 5 and Case 6 reduce the frame area, however, it’s real difficult to 

maintain a vacuum layer perfectly. Case 3 seems the most appropriate design with 

considering the structural safety, insulation performance and the transparency. The low 

emissivity is applied in just one side to improve the insulation performance well in a good 

cost performance. The small width of frame also valuable to select if the smaller thickness 

is required. 

 

 

Figure 4-23 Comparison of the calculated results for the case studies 

 

Figure 4-23 indicates that Case 3 and Case 5 should be good design due to the lower 

P [Pa] Interval [mm] Frame width [mm]

Case 1 0.1 0.3 0.9 5 0.5

Case 2 1 0.9 0.9 5 0.5

Case 3 0.1 0.3 0.9 10 0.9

Case 4 1 0.9 0.9 10 0.9

Case 5 0.1 0.3 0.9 15 1.2

Case 6 1 0.9 0.9 15 1.2

Thickness [mm]

2

2

2.8

2.8

3.4

3.4

𝐿𝑣 [m] 휀1 휀2

1.0 × 10−3



 

 

 

heat transfer coefficient can make good contributions to retrofitting to existing buildings, 

especially, to the windows. However, the thickness of vacuum layer only 1 mm, a wilder 

span of frame web cannot achieve a vacuum layer very well due to the gas barrier 

envelope will compressed so much. To summarize, Case 3 is most valuable to produce a 

vacuum layer to achieve a good insulation performance, and to reduce the material area 

in the vacuum space is good for resistance of degradation. 

 

4.7 Conclusion 

1) The authors proposed a frame structural slim and translucent VIP with the advantages 

of a low manufacturing cost and easy application. 

2) By using a structural calculation model, the frame can hold the vacuum layer 

structurally, were investigated. The result showed that the vacuum layer could be 

maintained when the span was 10 mm and width of frame is 1 mm. 

3) Heat transfer models were considered for the prediction of the thermal transmittance 

of the VIPs. The thermal conductivities of the VIPs were calculated by varying the 

calculation conditions of the different design conditions. The high-insulation 

performance was confirmed for future applications because the overall heat transfer 

coefficients were less than 2.0 𝑊/(𝑚2 · 𝐾). 

4) The numerical results were in better agreement with the experimental results under a 

pressure of 1 Pa because the numerical analysis can also consider the thermal 

resistance in different axis directions. Furthermore, to obtain a better insulation 

performance, using a multiple layer instead of a lower pressure could reduce the 

product cost and lead to an easy manufacture 
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Chapter 5 

Trial production of translucent VIP and 

experimental validation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

5.1 Summary of previous studies 

 

  The authors proposed totally 5 VIP models: silica aerogel spacer VIP, cylinder pillars 

VIP, nail support VIP, mesh support VIP and the frame structural VIP. Those proposals 

are real reasonable design to make contribution to retrofitting insulation to existing 

buildings. However, those proposals are really reasonable and effective in an ideal 

statement only by validated with guarded hot plate apparatus. In the real situation, the 

insulation performance is affected by the outgassing or internal gas generation. In the 

Chapter 3 and Chapter 4, the authors carried out the pillars, nails and frame structural VIP, 

the insulation performance is evaluated with a guarded hot plate apparatus and the results 

is good agreement with the numerical model prediction. And in this section, the authors 

discuss the 5 models and give a summarized property of components of 5 models. 

 

5.2 Introduction 

 

This study aims at developing the vacuum insulation panels (VIPs) with a small 

thickness and light transmittance to contribute retrofitting insulation for existing buildings. 

In this paper, the authors are focus on producing the slim and translucent VIPs with 

vacuum layer which hold by spacers. Firstly, the outlines of vacuum layer type VIPs are 

introduced, the low thermal conductivity materials (transparent) to producing VIPs which 

have the vacuum layer hold by spacers. Next, the structural model is carried out as a 

mechanical analysis to determine the specific array of spacers to pillars supported type. 

Then, the heat transfer model is carried out by the 3-D model to predict the insulation 

performance of VIPs. After that, the authors set up the heat flux meter apparatus to 

measuring the apparent thermal conductivity to evaluate the insulation performance. 

Finally, the experimental result is compared and analyzed, the author summarized the 

properties of VIPs with different spacers. In this paper, the authors analyzed the 

experimental result and the outgassing and desorption issue should be the biggest affect 

to the VIPs production. Also, the mesh supported VIP can achieve a relative better 

insulation performance, however, the thermal bridge is big due to obtain and hold a 

vacuum layer. 

The application study of VIPs to buildings as a panel and sheet is getting popular in the 

world. The conventional VIP consists of a highly insulating core material and a highly 



 

 

 

conducting envelope due to the aluminum barrier layers ensuring its tightness. VIPs are 

considered as high-performance thermal insulation material systems. The VIPs were 

applied in the field of refrigeration in the USA, Japan and Europe during 1990s, then the 

application appeared in the field of architecture at the beginning of the 21st century, first 

in Europe and now spreading into East Asia and North America. 

Mostly previous study focus on the insulation performance, the most of them is about: 

1) study on the trial manufacture of VIPs, 2) study on the heat transfer performance of 

insulation materials, 3) study on the characteristics of materials’ outgas and the gas 

invasion from the external side, 4) study on the applications in buildings, 5) study on 

research trends and market trends. Study on the trial manufacture of VIPs is summarized 

as follows: Kim use the phenolic foam as the core material for the trial manufacture [9], P. 

C. Tseng use the polystyrene foam to making the VIP and the measurement of thermal 

conductivity of general VIP is using the heat flow meter method [10], the result is 

5.0 × 10−3𝑊/(𝑚 · 𝐾)  [9],[10]. In Japan, the silica powder is usually applied to trial 

manufacture of VIPs, silica aerogel is applied to make the transparent VIP and there exist 

report when the silica powder applied, the thermal conductivity is less than 

2.0 × 10−3𝑊/(𝑚 · 𝐾). Furthermore, aluminum vapor deposition PET film is applied as 

core material for analysis which called core material of metallic multilayer and fiber 

overlapping [11], however, it never be manufactured until now [12]. Analysis of heat transfer 

model for Nano porous silica vacuum insulation material is proposed by Bouquerel [13]. 

Kwon proposed the powder type, foam type and the fiber type then the heat transfer model 

of core material with staggered beam is described. Finally, the fiber type of staggered 

beam core material is effective as a result [14]. In addition, a method for the performance 

measurement of VIPs, Johansson proposed a short-term in-situ performance measurement 

of VIPs, and its accuracy is being verified [15]. In the topic of outgassing, the polymer 

fiber is applied to the experiment to analyzing the reason of outgassing which is proposed 

by Kwon [16]. In addition, the gas invasion form the film is described as a mass transfer 

model inside of the film by Bouquerel [17]. There are some examples of applicability in 

actual buildings which is introduced in the world, especially in Germany [18]. A trend of 

the topic by Baetens which reported the study about applications of VIPs in buildings 

which included investigations, and those elements have been summarized [19]. 

In this paper, the authors proposed the vacuum layer type VIPs with small thickness 

and light transmittance which can applied to the buildings directly with attachment 

installation. The VIPs is product by low thermal conductivity material with high cost 

performance means the application can be easily replaced. The spacers are determined 

and 4 vacuum layer type VIPs is carried out. The heat transfer model is carried out by the 



 

 

 

1D calculation to predict the insulation performance. In order to produce the specimens 

for the experimental measurement, the authors insert the core structure (which design and 

analysis by the structural model) to the gas barrier film and sealed by the vacuum sealing 

machine. The heat flux meter apparatus is set up and the apparent thermal conductivity is 

measured to evaluate the insulation performance. Finally, the measurement results are 

compared with the prediction insulation performance, and the comparison results are 

summarized. 

 

5.3  Outline and advantages of slim and translucent VIPs 

 

The conventional VIPs have some issues for their applications, such as: expensive cost 

due to complicated manufacturing process, low durability, possibility of fatal damage due 

to nailing, influence of thermal bridge. And mostly VIPs have no commercial available 

which can be applied to windows, appearance of vacuum glazing solved this issue, 

however, it has high economic cost and less contribution to retrofitting in buildings due 

to the single purpose and heavy weight. Therefore, it’s effective to develop the VIPs to 

contribute retrofitting insulation for existing buildings. The concept of the developed VIP 

is described as Figure 1. This study focuses on the insulation performance of VIP, pillars 

are applied to support the plates to ensure the vacuum layer can be held, plates and pillars 

with a piece of low-e film are coating by the gas barrier film. This VIP is made of 

transparent materials so that it has the ability of transparency which the conventional type 

didn’t have. Therefore, this VIP can be applied as attachment insulation material to the 

wall, roof and window. Application of the VIP to buildings is also described in Figure 5-

1. 

 

 

Figure 5-1 Concept diagram of translucent VIP with different spacer and its application  



 

 

 

 

5.4  Derivation of thermal transmittance 

 

5.4.1 Outlines of 1-D heat transfer calculation model 

 

Figure 5-2 shows the concept diagram of heat transfer calculation model. In this 

calculation, the spacers with the ratio of area “S” exist in the space which between the 

two plates. There is no air in the vacuum space (＜10Pa) and the convection can be 

ignored in the calculation. The heat transmittance included radiant heat transfer in the 

vacuum space, conduction in the external surface and spacers. In this model, the vacuum 

space is calculated as thermal resistance Ra [K・m2/W]. 

 

 

Figure 5-2 Schematic of heat transfer through a double plate unit 

 

5.4.2 Establishment of heat transfer calculation model 

 

The heat transmittance including radiant heat transfer in the vacuum space, conduction 

in the external surface and spacers. In this model, the vacuum space is calculated as 

thermal resistance Ra [(𝑚2 · 𝐾)/𝑊]. When there are the spacers with the ratio of area “S” 

between the two plate, thermal resistance Ra [(𝑚2 · 𝐾)/𝑊] can be described as below: 
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Radiant heat transfer αr is calculated by the following equation: 

𝛼𝑟 = 휀1휀2𝑐𝑏 {(
𝑇1
100

)
4

− (
𝑇2
100

)
4

}
1

(𝑇1 − 𝑇2)
 (4) 

 

Thermal conductivity of vacuum layer 𝜆𝑣 is calculated by the following equation: [22] 

[23] [24] 

 

 

(5) 

 (6) 

 

From equation (1), (2), (3) and the following equation, the apparent thermal 

conductivity of vacuum layer including spacer is calculated. 

 

 
(7) 

 

Here, 𝜆𝑣  is thermal conductivity of vacuum layer [𝑊/(𝑚 · 𝐾) ] ,  𝜆𝑠  is thermal 

conductivity of spacer [𝑊/(𝑚 · 𝐾) ]、𝛼  is radiant heat transfer [𝑊/(𝑚2 · 𝐾) ], d is 

thickness of vacuum layer [𝑚], 휀1, 휀2 is emittance of Plata 1, Plate 2 [-], 𝐶𝑏 is constant 

of radiant [𝑊/(𝑚2 · 𝐾4)], 𝑇1,𝑇2 is surface temperature of Plata 1, Plate 2 [𝐾], 𝛾 is the 

specific heat ratio 𝑐𝑝/𝑐𝑣 [-], 𝛽 is accommodation coefficient. 

 

5.4.3 Modelling for vacuum layer type VIP 

 

According to the mechanical analysis and heat transfer model, the authors decide the 

arrangement of spacers, thickness and properties of materials. And in this paper, the 

authors compared 4 vacuum layer type VIPs according to the material selection of spacers. 

Case 1 to Case 4 can be represented the aerogel spacer, cylinder pillars spacer, nail spacer 

and mesh spacer, respectively. Then the case study and experiment will be done according 

to these models later. The model of vacuum layer type VIPs is shown from Figure 5-3 to 

Figure 5-7. 

 

MT

p
dv








1

1
2.18






21 TT

2
T




ava Rd



 

 

 

 

Figure 5-3 Simulation model of aerogel support VIP 

 

 

Figure 5-4 Simulation model of cylinder pillar support VIP 

 



 

 

 

 

Figure 5-5 Simulation model of nail support VIP 

 

 

Figure 5-6 Simulation model of mesh support VIP 

 

 

Figure 5-7 Simulation model of frame structural VIP 

 

 



 

 

 

5.5  Trail production of VIPs 

 

5.5.1 Trial manufacture of slim and translucent VIP 

 

The size of VIP is designed by the structural model and the insulation performance can 

be obtained by the heat transfer model. The authors carried out the experiment to confirm 

the insulation performance of the designed model. The apparent thermal conductivity can 

be obtained by experiment which will introduced in this section. 

 

5.5.2 Property of gas barrier film 

 

Some of conventional VIPs are coating and sealing by the aluminum foil which applied 

to refrigerators mostly. Gas barrier film is applied to covering the slim and translucent 

VIP which is good for sealing and transparent. Table 5-1 shows the property of the gas 

barrier film which is applied to the trial manufacture of VIP. 

 

Table 5-1 Property of the gas barrier film for experiment 

 

 

5.5.3 Process of manufacture of VIPs 

 

To prevent the dust and static electricity, the specimen should be washed by microwave 

washer, and desiccated by vacuum dryer. In order to make the specimen in experiment 

more accuracy, pressure is reduced to 0.1 Pa in the vacuum chamber and keep drying with 

80℃ for 24 hours, then specimen can remove the most influence of absorbed gas, water 

vapor and retained moisture in the surface of materials. Figure 5-8 shows the photograph 

and schematic diagram of vacuum dryer and Table 5-2 shows its specifications. 

 

◆Size

· Z007: 500 mm Width × 200 m × 2R

※

· Z006: 500 mm Width × 200 m × 2R

EH: Biaxial stretching film formed by PA/EVOH/PA

Constitution

PET(100μm)//TEC barrier HX (12μm) 【Vapor deposition surface】 // Supernylon EH (15μm) // CPP (40μm)

PET(100μm)//TEC barrier LS (12μm) 【Vapor deposition surface】 // Supernylon EH (15μm) // CPP (40μm)

HX: PET vapor deposition with silica



 

 

 

 

Figure 5-8 Photograph and schematic diagram of vacuum dryer 

 

Table 5-2 Specifications of vacuum dryer 

 

 

In this stage, core material is formed by the plates with pillars and inserted into the gas 

barrier film, then sealed by vacuum sealing equipment. And the process is illustrated as 

Figure 5-9. Figure 5-10 shows the photograph of the vacuum sealing equipment and Table 

5-3 shows its specifications. 

 

0.67 G.V. Close

6.7 G.V. Open

※G.V. is an abbreviation for gas ballast valve

Ultimate pressure (Pa)

450×450×450

Observation window Tempered glass W400×H400

Pump

Pumping speed (L/min)

Size (W×H×D mm)

GLD-051 50Hz

50

0~-101KPa (Gauge)

90

Temperature control mode Direct heating PID control system

Temperature (℃)

Pressure (Pa)

Volume (L)

20~200



 

 

 

 

Figure 5-9 Manufacturing process of VIP specimens. 

 

 

Figure 5-10 Photograph of the vacuum sealing equipment. 

 

Table 5-3 Specifications of vacuum sealing equipment, 

 
 

For the economic considerations with respect to retrofitting insulation in existing 

buildings, a reasonable product also requires good cost-performance. Figure 5-11 shows 

the comparison of the industrial manufacturing cost of these three insulation products. 

50 50

40 40

0.13/13 0.13/13

Exhaust velocity  (L/s)
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Buster pump Rotary pump
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Figure 5-11 Comparison of industrial production cost in different transparent evacuated 

products. 

 

5.6 Validation of Insulation Performance of Vacuum Layer-Type Slim and Translucent VIPs 

 

5.6.1 Experimental Measurement with a Heat Flow Meter Apparatus 

 

The heat flow meter apparatus is a measuring instrument for determining the steady-

state heat transfer properties, thermal conductivity, and thermal resistance of flat slab 

specimens. It is designed for use in industrial test laboratories for quality control of 

thermal insulation materials of low and intermediate thermal conductivity, such as 

polystyrene, cork, wood wool, etc. Figure 5-12 shows the schematic diagram of the heat 

flow meter apparatus. 

During the experiment, the setting temperature to hot and cold plate is 35.5 °C and 

10.5 °C, the temperature difference is 25°C. The thermal transmission is measured by 

heat flux meters and data is treated by the computer. The thermal conductivity according 

to elapsed time after sealing is investigated by Equation (15). 

 

𝜆 =
𝑄

∆𝑇 × 𝑑𝑠
 (15) 

 

Here, 𝑄  is the heat flux through the testing plate (𝑊 ); ∆𝑇  is the temperature 

difference (°C); and 𝑑𝑠 is the thickness of specimen (𝑚). 

 



 

 

 

 

Figure 5-12 Schematic diagram of the heat flow meter apparatus. 

 

5.6.2 Result and discussion 

 

In this section, the authors report the experimental results from the heat flow meter 

apparatus. The experiment period is set as one hour (45 minutes for the nail spacer type) 

and shown in Figure 5-13. 

 

 

Figure 5-13 Measured apparent thermal conductivity according to elapsed time. 

Also, the trial production of VIP and measurement of thermal conductivity is carried 



 

 

 

out and repeated 3 times, and the experimental accuracy is validated. A good experimental 

accuracy is confirmed and obtained by error analysis in Table 2. 

 

Table 5-4 Error analysis for experimental validation 

 

Minimum 

average thermal 

conductivity 

(𝑚𝑊/𝑚 · 𝐾)) 

Deviation 

Maximum 

average thermal 

conductivity 

(𝑚𝑊/𝑚 · 𝐾)) 

Deviation 

Case 3 20.7 1.2 39.4 0.6 

Case 4 17.5 1.4 27.1 0.6 

Case 5 15.0 0.4 23.9 0.8 

 

In the experiment results from Figure 8, the apparent thermal conductivity is increasing 

according to the elapsed time. The apparent thermal conductivity is rapidly increasing in 

the first 10 minutes, and almost constant after one hour. This issue should occur due to 

the increased pressure, and the reason should be due to the gas generation in the vacuum 

space caused by the desorption of acrylic plate and the outgassing through the gas barrier 

film. Therefore, the mesh and frame structure can maintain a vacuum degree better than 

other proposals. However, the transparent effect is not good due to the tightness web on 

the surface. It is necessary to redesign the array of the frame structure in a reasonable 

analysis. 

In the experiment results from Figure 8, the apparent thermal conductivity is increasing 

according to the elapsed time. The apparent thermal conductivity is rapidly increasing in 

the first 10 minutes, and almost constant after one hour. This issue should occur due to 

the increased pressure, and the reason should be due to the gas generation in the vacuum 

space caused by the desorption of acrylic plate and the outgassing through the gas barrier 

film. Therefore, the mesh and frame structure can maintain a vacuum degree better than 

other proposals. However, the transparent effect is not good due to the tightness web on 

the surface. It is necessary to redesign the array of the frame structure in a reasonable 

analysis. 

The authors carried out a case study to predict the insulation performance of VIPs under 

different conditions. Table 5-5 shows the calculation conditions. 

 

 

 

Table 5-5 Calculation conditions. 



 

 

 

 

 

According to the calculation conditions, the insulation performance prediction can be 

evaluated by analyzing the thermal conductivity. Figure 5-14 shows the comparison of 

thermal conductivity between measurement and calculation results with internal pressure. 

From the comparison results, the minimum experiment result shows the experimental 

specimen can achieve a pressure from 2 Pa to 20 Pa in the vacuum layer. Finally, the 

internal pressure will reach about 10 Pa due to gas generation and outgassing.  

 

Figure 5-14 Comparison of thermal conductivity between the measurement and the 

calculation with internal pressure. 

 



 

 

 

Figure 5-15 shows the schematic of illuminance measurement. As the Figure 5-15, the 

VIP specimen is put on the reflection diffuser and irradiated by incandescent light. The 

wave length is controlled in 800nm as visible light, and the illuminance is measured with 

and without VIP shading shown in Table 5-6. The concentration of spacers decided the 

transparency of Case 2 and Case 3. And in Case 4 and Case 5, the illuminance is decreased 

due to the concentrated webs. 

 

 

Figure 5-15 Schematic of illuminance measurement 

 

Table 5-6 Results of illuminance measurement 

Intensity of radiation at wavelength of 800 nm [𝜇𝑊/𝑐𝑚2/𝑛𝑚] 

Conditions No VIP Case 1 Case 2 Case 3 Case 4 Case 5 

Intensity 20000 14000 18000 17500 13000 15000 

Ratio 1 0.70 0.90 0.88 0.65 0.75 

 

According to Figure 5-14, the authors summarized the performance and properties of 

five cases, as shown in Table 5-7. In Cases 4 and 5, the mesh and frame structural VIP 

can achieve the most appropriate insulation performance and shows good resistance to 

degradation, however, it is weak in light transmittance. In Case 1, the aerogel-supported 

VIP required a high material cost and the performance is no better than the others. Then, 

in Case 2 and Case 3, the cylindrical pillar-supported VIP and nails-supported VIP 

achieved relatively good insulation performance and cost performance. However, the 

degradation of insulation performance is significant due to the acrylic plate having a large 

area for gas generation.  

 



 

 

 

Table 5-7 Comparison of VIP with different internal structure. 

Conditions Case 1 Case 2 Case 3 Case 4 Case 5 

Thickness ○ ○ ○ ○ ◎ 

Theoretical insulation 

performance 
○ ○ ○ ○ ◎ 

Vacuum layer 

maintains 
× × × △ ○ 

Production difficulty △ ○ ○ ◎ ◎ 

Material cost × ○ ○ ◎ ◎ 

Transparency △ ◎ ◎ △ ○ 

◎ Excellent; ○ Good; △ Adequate; × Not good 

 

5.7  Conclusion 

 

1) The authors proposed five structures to make the vacuum insulation panels with small 

thickness and light weight to apply to windows to contribute to the retrofitting of 

insulation in existing buildings. 

2) The 3-D model is proposed to evaluate the insulation performance and the results are 

described. 

3) The translucent VIPs are produced for experimental validation. The heat flux meter 

apparatus was set up to measure the thermal conductivity to validate the evaluation of 

insulation performance. 

4) The experimental results are compared to the prediction results, and the effects of 

different proposals are summarized and evaluated as follows: 

a) No matter what proposal is selected, it can be observed that the apparent thermal 

conductivity is increasing according to the elapsed time. This is because of the 

outgassing of components and it is based on the total area of the components. 

b) The mesh and frame structural model can achieve better insulation performance 

and good resistance to degradation. The frame structure is better to hold the 

vacuum layer and can be easily manufactured by a 3-D printer. It is worth 

developing the frame structural VIP to retrofit the insulation in existing buildings. 
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Chapter 6 

Investigation on reduction of thermal 

bridge to existing building with 

installing multilayered VIP  

and field experiment 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

6.1 Introduction  

 

  Of late, various energy saving techniques are being employed in new buildings; 

however, these techniques are difficult to apply to existing buildings. In particular, as 

most of the existing buildings have poor insulation performances, it is important to 

improve them. Evacuated insulating material, consisting of a single slim and light weight 

panel, also known as a vacuum insulation panel (VIP), can be applied to architecture to 

render it easier to obtain a higher insulation performance. VIPs have the potential to 

improve the insulation performance; however, conventional VIPs have application issues 

such as high costs owing to a complicated manufacturing process, low durability, 

possibility of fatal damage due to nailing, and the thermal bridge effect [1] [2] [3] [4]. The 

thermal bridge, previously known as the cold bridge, has a significant negative impact on 

the building performance. External insulation is usually applied to reduce the effect of the 

thermal bridge [5] [6] [7] [8], for improving the building insulation performance. Therefore, 

it is crucial to improve slim and multiple layered VIPs with an overlapping installation to 

reduce the construction costs and enhance the insulation quality [9] [10].  

There are several studies regarding VIP application for retrofitting existing buildings 

[7] [11] [12], including a composition board that combines VIPs with urethane foam, which 

can be applied to the buildings to conform to their application performance, as described 

in Figure 1. This can be a mainstream application method because the core material in 

most evacuated insulating products is glass wool [8] [13] [14] [15], also existed other materials 

can be filled into gas barrier envelope that we called it core material, such as silica powder, 

glass fiber and silica gel, etc. Glass wool, as a core material for the VIP, exhibits a good 

performance but the product requires complicated-manufacturing techniques to render it 

highly-flat and slim, during application. For VIPs with glass-wool as the core material, 

the only way to achieve a good insulation performance is to follow the description in 

Figure 1. However, it would be unrealistic to follow this method for the retrofit insulation 

of a slim wall because the combination part is very thick. In addition, the thermal bridge 

would also negatively impact the insulation performance. 

This paper proposes the attachment of slim and light weight VIPs to internal insulation 

in an overlapping mode. Then, the VIPs can be applied directly to a building and the 

construction can be simplified. They also explore whether the overlapping mode can 

reduce the thermal bridge effect. With respect to the durability, if the VIPs are easy to 

install, the degraded ones can be replaced by new ones, owing to the highly cost-effective 



 

 

 

core material. In terms of the cost, simplification in the production of VIPs with slim and 

flat core material can be expected in the preparation stage.  

It's impossible to covering one insulation material to the walls and ceiling completely, 

Usually, insulation materials are assembled as one with enough numbers, however, this 

assembly produce seams where thermal bridge affect. Thickness of conventional vacuum 

insulation panel is about 10 mm, therefore, the overlapped combination is meaningless. 

The reduction performance of thermal bridge with VIP overlapped combination 

application is not quantified so far. In this study, total thickness of multilayered (triple 

layer) should be limited less than 10 mm, so that an element should less than 3.3 mm. For 

this objective, the authors carried out the selection of VIP core material and the specimen 

is product. To analyze the performance to reduce the thermal bridge, the authors carried 

out numerical model to predict the insulation performance in our proposal and the result 

is validated by hot box experiment. The proposed application (triple layer) performance 

in building is investigated and result is excellent. In Japan, China and other Asian 

countries, insulation performance in some existing buildings is poor, and this study can 

make contributions to retrofitting insulation to these buildings. 

In this study, the apparatus is setup to analyze the “R” value to evaluate the insulation 

performance by a calibration hot-box measurement [16] [17] [18]. Initially, in the experiment, 

the insulation performance of each material is compared with the corresponding 

specification in order to select an appropriate core material for manufacturing the VIP test 

specimens. Further, a calculation model is generated to analyze the insulation 

performance, based on the overlapped multilayer VIPs, as illustrated in Figure 2. The 

width of the seam is changed to validate the experimental results, as further theoretical 

proof, for retrofitting existing buildings [6] [19]. 

 



 

 

 

 

Figure 6-1 Conventional VIP application method 

 

6.2 Methodology  

 

6.2.1 Outline of the experiment 

 

In this study, the insulation performance is evaluated using a calibration hot-box 

apparatus. Figure 6-2 shows the schematic of the calibration hot-box setup, which 

includes a calibration hot-box system, thermostatic chamber, measurement system, and 

the measurement points [20] [21] [22] [23]. The specifications of the devices in the experiment 

are listed in Table 6-1. In this experiment, the low temperature is set in the chamber as 

5 ℃ and the high temperature is set in the hot-box as 25 ℃, respectively. This hot-box 

apparatus can simulate indoor and outdoor environments naturally; a heater and fan can 

simulate the indoor environment including the temperature control and ventilation. 

Figures 6-3 and 6-4 show the variation in the measured temperature and power 

consumption. Data is recorded every 5 min and the average data selected from the relative 

static measurement results is used. During the experimental period, the temperature is 

maintained a relative constant and the power consumption is recorded to derive the 

amount of heat passing through the test specimen. The overall heat transfer coefficient 

can be evaluated by equation (1). Here, the solution of equation (1) can be obtained by 

inputting the calculation results from equations (2) [24], (3), and (4). The average 

temperature can be adopted as the average value of the measurement points in a 10-min 



 

 

 

period and can be used as a representative value.  

 

𝑈 =
𝑄

𝐴 × (𝜃𝑛,ℎ − 𝜃𝑛,𝑙)
 (1) 

𝜃𝑛 =
𝜃𝑎 ×

𝑄
𝐴⁄ + 𝛼𝑟(𝜃𝑎 − 𝜃𝑟)𝜃𝑠

𝑄
𝐴⁄ + 𝛼𝑟(𝜃𝑎 − 𝜃𝑟)

 (2) 

𝛼𝑟 = 4𝜎𝐸𝑇𝑚
3
 (3) 

𝑇𝑚 ≅
(𝜃𝑟 + 273.15) + (𝜃𝑠 + 273.15)

2
 (4) 

 

 

Figure 6-2 Schematic of the calibration hot-box apparatus 

 

 

 

 

 

 

 



 

 

 

 

Table 6-1 Specifications of the devices in the experiment 

 
 

 
Figure 6-3 Temperature measurement results  

 

Device Specification

Heater Length: 1.5 m      Heating output: 45W (100V)

Controller Sensor: Pt100     PID control strategy

Power meter Clamp power meter    Accuracy: Electric ±1.2%

Thermocouple T type thermocouple    Accuracy: ±0.5℃

Data logger Measurement points: 42

Thermal camera Resolution: 120×99 Pixel    Accuracy: ±2%

Thermometer

(For external temperature)
Accuracy: ±0.5℃



 

 

 

 

Figure 6-4 Power consumption measurement results  

 

 

In this experiment, as shown in Figure 6-5, the power consumption of heater “𝑄” is 

described by equation: 𝑄 = 𝑄0 + 𝑄1 + 𝑄2 , where 𝑄0  is the amount of heat passing 

through the test specimen, 𝑄1 is the heat loss due to the temperature difference between 

the high and low temperature sides, 𝑄2 is the heat loss due to the temperature difference 

between the high temperature and the indoor temperature, and 𝑑 is the thickness of the 

VIP specimen. In this experiment, the low temperature is set in the chamber as 5 ℃ and 

the high temperature is set in the hot-box as 25 ℃, respectively. Therefore, 𝑄1  is a 

relative constant and 𝑄2 varies along with the variation in the indoor temperature. The 

calibrated value, 𝑄0C,  can be calculated using equation (5); 𝛼𝑟  can be calculated by 

equation (4). The overall heat transfer coefficient of polystyrene foam can be calculated 

using equations (6) and (7). Compared to 𝑄0 and the amount of heat, 𝑄, which can be 

obtained in the experiment, the heat loss, excluding the heat transfer effect, can be solved 

using the equation, 𝑄𝑙𝑜𝑠𝑠 = 𝑄1 + 𝑄2 . 𝑄𝑙𝑜𝑠𝑠,  described as 𝑄0 = 𝑄 − 𝑄𝑙𝑜𝑠𝑠 , can be 

evaluated by measuring the indoor temperature. Thus, 𝑄0 can be substituted for 𝑄 in 

equation (1). The calculation condition is shown in Table 6-2 and the calibration of the 

experimental results is illustrated in Figure 6-6. 

 

𝑄0𝐶 = 𝑈0 × 𝐴 × ∆𝑇𝑛 (5) 



 

 

 

𝑈0𝐶 =
1

1
𝛼𝑡𝑖⁄ +

𝑑𝐹𝑜𝑎𝑚
𝜆𝐹𝑜𝑎𝑚
⁄ + 1

𝛼𝑡𝑜⁄
 (6) 

𝛼𝑡 = 𝛼𝑟 + 𝛼𝑐 (7) 

 

It can be assumed that the testing surface is windless and that the convective heat 

transfer coefficient 𝛼𝑐 = 4.4 𝑊/(𝑚2 · 𝐾). 

 

 
Figure 6-5 Heat loss concept diagram  

 

Table 6-2 Calculation conditions 

 
 

Area 1.564

Polystyrene foam

Thermal conductivity [W/(m·K)] 0.04

Thickness [m] 0.025

Thermal emissivity (Hot box side)

Specimen 0.9

Baffle plate 0.94

Thermal emissivity (Chamber side)

Specimen 0.9

Baffle plate 0.94



 

 

 

 

Figure 6-6 Calibration data for the measurement results 

 

6.2.2 VIP production and performance evaluation 

 

The VIP test specimen is produced as per the flow in Figure 6-7. The polyester fiber 

core material is covered by aluminum film. In order to prevent degradation with time, 

calcium oxide getter is sealed together with the core material. The getter absorbs gas and 

effectively prevents performance degradation. 

This paper focuses on obtaining a core material which is slim, flat, has a low thermal 

conductivity, and is easy to produce. Tables 6-3 and 6-4 depict the selection method for 

the core material; further, the VIP is produced as per the process shown in Figure 6-7. For 

the evacuated insulation material, the air tightness is critical and the components of the 

gas barrier film are depicted in Figure 6-8. 

Next, a VIP checker is applied to simplify the performance evaluation. The schematic 

of the VIP checker is shown in Figure 6-9. For this experiment, it is proposed that the 

maximum number of layers for an overlapping installation is three; it is established that 

the test specimens have an average thermal conductivity of 4.8𝑚𝑊/(𝑚 · 𝐾),  as is 

illustrated in Figure 6-10. 

 



 

 

 

 
Figure 6-7 Manufacturing flow of the VIP specimens 

 

 
Figure 6-8 Component diagram of the gas barrier film 

 

 

Figure 6-9 VIP checker schematic  



 

 

 

 

 

Figure 6-10 Measurement results by the VIP checker 

 

 

 

Table 6-3 Requirement specification for the core material 

 
 

Table 6-4 Selection of the core material 

 

 

Requirement of Specification for core materials

· Thickness [m] ≤ 3 mm

· Thermal conductivity [mW/(m·K)] ≤ 7

· Flat

· Making difficulty 

Thickness Thermal conductivity Flat Making difficulty 

① ○ ○ ○ ○

② × ○ × ×

③ ○ × ○ ×

① Polyester fibre

② Glass wool

③ Silica aerogel＋Vacuum layer



 

 

 

6.2.3 Results of the performance evaluation and thermal bridge study 

 

The apparent thermal conductivity, 𝜆𝑎, of the VIP is calculated from the experimental 

results and equation (8); 𝑑𝑉𝐼𝑃  is the thickness of the VIP specimen, 𝑑𝐹𝑜𝑎𝑚  is the 

thickness of the polystyrene foam used to simulate the building envelope, and 𝜆𝐹𝑜𝑎𝑚 is 

the thermal conductivity of the polystyrene foam. Table 6-5 shows the experimental 

results. 

 

𝜆𝑎 =
𝑈 · 𝑑𝑉𝐼𝑃

1 − 𝑈 · (
1
𝛼𝑡𝑖

+
𝑑𝐹𝑜𝑎𝑚
𝜆𝐹𝑜𝑎𝑚

+
1
𝛼𝑡𝑜

)
 

(8) 
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Figure 6-11 Measurement results for a single-layer VIP application 

 

 
Figure 6-12 Measurement results for a double-layer VIP application 

 
Figure 6-13 Measurement results for a triple-layer VIP application 



 

 

 

 

The results and the thermal camera photograph are depicted in Figures 6-11 ~ 6-13. 

These results are the average values obtained from tests repeated six times. The effect of 

the thermal bridge can be evaluated by the apparent thermal conductivity, 𝜆𝑎; the value 

can be 1.375, 1.125, and 1.083 times the original, with an overlapped single, double, and 

triple layer, respectively, insulation. The thermal camera photograph demonstrates that 

the temperature distribution changes, if multiple overlapping layers are applied. The 

results indicate that the temperature has a very small decrease, if a triple-layer VIP is 

installed. 

 

6.3 Evaluation and validation of the insulation performance of multiple VIP combinations  

 

In this section, the heat transmittance is modeled through single, double, and triple 

layered staggered VIPs. Finally, the simulation results are applied for validation, along 

with the experimental results. The width of the seam can be applied as the impact 

condition in which the thermal bridge is affected. 

 

6.3.1 Derivation of the heat transmittance 

 

The heat transmittance is modeled following the experimental specimen application 

proposal; the width of the seam was set to be 0.3, 0.5, and 0.8 mm. The overlapped mode 

is modeled as per the experiment depicted in Figure 6-2. The dynamic behavior is solved 

by “Finite Element Analysis” (FEA). In this study, the calculation model is generated 

using “ANSYS fluent” software that can provide the results of the heat flux and 

temperature distributions and the units can be easily changed. 

In order to simulate the heat transmittance of the experimental-specimen VIP, the same 

size as that of the test specimen is used, for confirming the simulation result. To estimate 

the average heat flux in the edges of a VIP element, the VIP element is first modeled and 

the result is used for estimating the heat flux in the seam parts of the composed VIP layer. 

 

6.3.2 Calculation conditions and case study 

 

Figure 6-14 shows the calculation model and the conditions. To estimate the overall 

heat transfer though the application of different-layer compositions, the seams between 

the horizontal and vertical are assumed to be below 1 mm and the thermal resistance is 



 

 

 

calculated as done for the layer combinations. The thermal resistance of the seam can be 

calculated by equation (9), where 𝑑𝑠𝑒𝑎𝑚  is the width of the seam and 𝜆𝑠𝑒𝑎𝑚  is the 

thermal conductivity of the seam, which can be derived by the average heat flux 

calculation in the edge of a VIP element. 

 

𝑅𝑠𝑒𝑎𝑚 =
𝑑𝑠𝑒𝑎𝑚
𝜆𝑠𝑒𝑎𝑚

 (9) 

 

 

Figure 6-14 Calculation model and conditions 

 

6.3.3 Evaluation of the insulation performance for an overlapped-VIP 

application 

 

Figure 6-15 shows the comparison of the calculated and experimental results. In the 

calculation model, the average heat flux (for a single, double, and triple layer overlapped 

application) can be calculated. 𝜆𝑎 can be calculated using equations (1) and (8). 

 



 

 

 

 

Figure 6-15 Comparison of the calculated and measured results 

 

Figure 6-15 illustrates that the simulation results are well matched with the 

experimental results. A triple-layer overlapped application can reduce the thermal bridge 

effectively. The result also shows the advantage of using a multilayer overlapping 

attachment application; the apparent thermal conductivity of the triple-layer has the same 

insulation performance as that of the original VIP, effectively reducing the thermal bridge 

effect. 

In this section, the large VIP is modeled to validate a real application performance; 

Figure 6-16 shows the concept diagram of the calculation model and Figure 6-17, the 

calculation results. In the calculation, the thermal conductivity is 4.0𝑚𝑊/(𝑚 · 𝐾), 

which is the same as the setting condition in the previous calculation model. 

 

 
Figure 6-16 Calculation model for a large VIP application 



 

 

 

 

 

Figure 6-17 Simulation result for large-sized model 

 

The result shows that the thermal bridge reduces on using a large model because the 

seam parts are reduced. The apparent thermal conductivity can be 1.31, 1.1, and 1.004 

times the original, with a single, double, and triple-layered attachment application, 

respectively. 

 

6.4 Case studies for VIP application to retrofit existing buildings 

 

Case studies are carried out to determine the contribution of VIP application, in 

retrofitting the insulation in existing building; the conditions are as depicted in Figures 6-

18 and 6-19. VIPs, as used in the experiment with triple layers, are applied and their 

performance is compared to that without VIPs. The thermal conductivity is as per the 

experimental result, 𝜆 = 4.0𝑚𝑊/(𝑚 · 𝐾). To confirm the insulation performance, the 

thermal load calculation is made using the “Businesses as Usual” (BAU); the envelope 

insulation conditions are varied: without VIP and with VIP, and the ventilation rate is 0.5 

times per hour. The thermal load calculation is carried using the “AE-CAD” software. 

The result confirms that VIP application can improve the insulation performance. Also, 

in this section, a large VIP, as the normal manufacturing size, is modeled to prove the 

insulation performance. Figure 6-20 shows the simulation model for validating the 

insulation performance in an actual application; the calculated result is shown in Figure 



 

 

 

6-21. The climate data of Tokyo and Fukuoka are adopted as conditions for the calculation 

model. Table 6-6 displays the heating schedule. The average outer shell heat transmission 

coefficients were 1.16𝑊/(𝑚2 · 𝐾) and 0.48𝑊/(𝑚2 · 𝐾) on installing VIPs and without 

installing the VIPs, respectively, in the building envelop [25]. 

 

 
Figure 6-18 Wall conditions 

 

 

Figure 6-19 Roof conditions 

 

 

Figure 6-20 Building outline 

 

 

 

 

 



 

 

 

 

Table 6-6 Heating schedule for a residential building model 
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Figure 6-21 Calculated results for the total heating load 

 

In order to discuss the insulation performance of VIP application, the authors assumed 

heat loss coefficient “Q” value to simulate the old buildings in Sapporo city. With these 

conditions, the results were obtained and are depicted in Figure 6-21. The results show 

that the thermal bridge reduces on using a large model because the seam parts are reduced. 

The heating load for the residential building can be reduced with a triple-layer attachment 

application; thus, the heating load can be reduced to almost half without a vacuum 

insulation panel application. Therefore, the proposed VIP application is an effective 

method for retrofitting the insulation in existing buildings. 

 

6.6 Conclusion 

 

1) The vacuum-insulation-panel application method is simplified, as the attachment is 

applied to the building surface directly. In the proposed method of overlapping the 

layers, the heat flow can be calibrated and experimentally evaluated.  

2) A hot-box experiment was conducted and the results demonstrate the effective 

reduction of the thermal bridge; the apparent thermal conductivity with VIP 

application can be almost 1.375, 1.125, and 1.083 times the original with a single, 

double, and triple-layered attachment application, respectively. 



 

 

 

3) A numerical model was generated and the result matched well with the experimental 

result, proving the effective reduction of the thermal bridge. A large VIP was also 

tested and the apparent thermal conductivity result was the 1.31, 1.1, and 1.004 times 

the original, with the application of a single, double, and triple layered attachment, 

respectively. By applying VIPs to buildings, the heating load can be reduced by half 

with a triple-layer attachment. 
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Chapter 7 

Summary and prospective 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Summary 

 

  In conclusion, this study aimed at developing the slim and light-weight vacuum 

insulation panels with vacuum layer and assembly with transparent components. The 

proposed model can be applied to retrofitting insulation to existing buildings, and easy to 

a internal installation due to the small thickness and light weight. For this background, 

the authors summarized the objective to design and manufacture a reasonable translucent 

VIP as below: 

1) A reasonable mechanical analysis to design the shape and array of the VIP to make 

the vacuum layer hold structurally. The structural model should be carried out for 

validate the mechanical analysis and give design data to the more appropriate design. 

 

➡ The components should be analysis to assembly the core structure with the law: 

a) The young’s modulus should be big enough so that the stiffness will big to hold 

the air pressure structurally. 

b) The components should be simple and low cost so that it’s cost efficiency to 

retrofit insulation to existing buildings. 

c) The shape of components should be easy to produce, also the production process 

of VIP should be simplified. 

 

2) A reasonable heat transmittance should be analyzed in relative accurate simulation 

model, and the heat transfer model should be carried out to predict the insulation 

performance. 

 

➡ The convection can be ignored in the vacuum layer so that the VIP has the good 

insulation performance.  

➡ Then, the radiation should be controlled by a low emissivity film, and for the 

consideration of cost efficiency, just 1 piece of low-e film covering the core structure is 

totally enough. 

➡ Next, the heat conduct through the surface to the core structure, local thermal bridge 

for VIP body is the biggest effects, and reduction of the local thermal bridge must be 

effective improve the insulation performance. 

 

3) Experimental validation should be applied to evaluate the accuracy of prediction 



 

 

 

performance, the ideal state performance can be validated by a guarded hot plate 

apparatus with a vacuum chamber measurement. For the real performance can be easy 

measure by a heat flux meter apparatus, and it can be also simplified as a VIP checker. 

4) The transparent VIP can be applied to the windows with U value in 1.8. The 

application for the non-transparent VIP could also be improved as a overlapped 

installation to the wall directly. 

 

After study about those events, the achievements should be summarized in every 

Chapters as follows: 

 

Chapter 1: Introduction of the world issues and the energy problem, from the view point 

of carbon dioxide emission reduction effect. Then, the improvement is proposed and the 

significance of the VIPs is proposed. 

 

Chapter 2: Conventional study of this field, the position and the study on the proposed 

VIP model previously, and our proposal as compared with the conventional conducted 

studies were carried out on its position, and the purpose of the present study. 

 

Chapter 3: The authors are developing slim and light-weight vacuum insulation panels by 

producing vacuum layers with spacers and plastic plates. The developed VIPs have the 

advantages of a low cost and easy installation so that can retrofit insulation of existing 

buildings. In addition, one of the developed VIPs is slim and translucent so that it can be 

easily used for windows in an internal installation. In this Chapter, first, the authors 

propose a vacuum layer type slim translucent VIP and focus on a reasonable design 

method. Next, the authors introduce the design process in which the structural design is 

obtained with element mechanical analysis and a three-dimensional analysis is conducted 

for the VIP element. In the study, a heat transfer model is used to predict the insulation 

performance through finite element analysis (FEA). Subsequently, the authors perform 

an experiment to measure the thermal conductivity in a guarded hot plate apparatus to 

validate the performance prediction. Finally, case studies are performed to confirm how 

the different design conditions affect the insulation performance. The optimum design of 

the vacuum layer type slim and translucent VIP will have sufficient structural strength to 

hold and maintain the vacuum layer. The thermal conductivity is approximately 0.007 

𝑊/(𝑚 · 𝐾) that can effectively improve the insulation performance in applications. 

 

5) The authors proposed a vacuum layer type slim and translucent VIP with the 



 

 

 

advantages of a low manufacturing cost and easy application. 

6) By using a structural calculation model, the specifications of the spacers and plastic 

plates that can hold the vacuum layer structurally, were investigated. The result 

showed that the vacuum layer could be maintained when the span between the spacers 

was less than 10 mm. 

7) Heat transfer models were considered for the prediction of the thermal transmittance 

of the VIPs. The thermal conductivities of the VIPs were calculated by varying the 

calculation conditions of the pressure of the vacuum layer, thermal emissivity of the 

surface, and number of vacuum layers. The high-insulation performance was 

confirmed for future applications because the overall heat transfer coefficients were 

less than 2.0 𝑊/(𝑚 · 𝐾) when the pressure of the vacuum layer was reduced to less 

than 0.1 Pa or a double vacuum layer was produced. 

8) The result showed that the thermal conductivity of a double layer VIP under a pressure 

of 1.0 Pa was practically similar to that of a single VIP under a pressure of 0.1 Pa. 

9) The numerical results were in better agreement with the experimental results under a 

pressure of 1 Pa because the numerical analysis can also consider the thermal 

resistance in different axis directions. Furthermore, to obtain a better insulation 

performance, using a multiple layer instead of a lower pressure could reduce the 

product cost and lead to an easy manufacture. 

 

Chapter 4: In this Chapter, first, the authors propose a frame structural slim translucent 

VIP and focus on a reasonable design method. Next, the authors introduce the design 

process in which the structural design is obtained with element mechanical analysis and 

a three-dimensional analysis is conducted for the VIP element. In the study, a heat transfer 

model is used to predict the insulation performance through finite element analysis (FEA). 

Subsequently, the authors perform an experiment to measure the thermal conductivity in 

a guarded hot plate apparatus to validate the performance prediction. Finally, case studies 

are performed to confirm how the different design conditions affect the insulation 

performance. The optimum design of the frame structural slim and translucent VIP will 

have sufficient structural strength to hold and maintain the vacuum layer. The thermal 

conductivity is approximately 0.0049 𝑊/(𝑚 · 𝐾)  that can effectively improve the 

insulation performance in applications. 

 

1) The authors proposed a frame structural slim and translucent VIP with the advantages 

of a low manufacturing cost and easy application. 

2) By using a structural calculation model, the frame can hold the vacuum layer 



 

 

 

structurally, were investigated. The result showed that the vacuum layer could be 

maintained when the span was 10 mm and width of frame is 1 mm. 

3) Heat transfer models were considered for the prediction of the thermal transmittance 

of the VIPs. The thermal conductivities of the VIPs were calculated by varying the 

calculation conditions of the different design conditions. The high-insulation 

performance was confirmed for future applications because the overall heat transfer 

coefficients were less than 2.0 𝑊/(𝑚 · 𝐾). 

4) The numerical results were in better agreement with the experimental results under a 

pressure of 1 Pa because the numerical analysis can also consider the thermal 

resistance in different axis directions. Furthermore, to obtain a better insulation 

performance, using a multiple layer instead of a lower pressure could reduce the 

product cost and lead to an easy manufacture. 

 

Chapter 5: This study aims at developing the vacuum insulation panels (VIPs) with small 

thickness and light transmittance to contribute to retrofitting insulation for existing 

buildings. In this Chapter, the authors are focused on producing the slim and translucent 

VIPs with a vacuum layer which is held by stable structures. Firstly, the outlines of VIPs 

are proposed, and the low thermal conductivity components are applied to producing VIPs 

which have the vacuum layer. Then, the heat transfer model is carried out by the 3-D 

model to predict the insulation performance of VIPs. Next, the authors report the 

manufactural process to make the experimental specimens. In addition, the industrial 

production cost is compared with other transparent evacuated products. After that, the 

authors set up the heat flux meter apparatus to measuring the apparent thermal 

conductivity to evaluate the insulation performance. Finally, the experimental result is 

compared and analyzed, and the authors summarize the properties of the VIPs with 

different components. In this paper, the authors analyzed the experimental result and the 

outgassing and desorption issue should be the largest effect to VIP production. 

Additionally, the mesh and frame structural VIPs can achieve a relatively better insulation 

performance, however, the thermal bridge is large and the transparency is not good due 

to the concentrated web. 

 

5) The authors proposed five structures to make the vacuum insulation panels with small 

thickness and light weight to apply to windows to contribute to the retrofitting of 

insulation in existing buildings. 

6) The 3-D model is proposed to evaluate the insulation performance and the results are 

described. 



 

 

 

7) The translucent VIPs are produced for experimental validation. The heat flux meter 

apparatus was set up to measure the thermal conductivity to validate the evaluation of 

insulation performance. 

8) The experimental results are compared to the prediction results, and the effects of 

different proposals are summarized and evaluated as follows: 

c) No matter what proposal is selected, it can be observed that the apparent thermal 

conductivity is increasing according to the elapsed time. This is because of the 

outgassing of components and it is based on the total area of the components. 

d) The mesh and frame structural model can achieve better insulation performance 

and good resistance to degradation. The frame structure is better to hold the 

vacuum layer and can be easily manufactured by a 3-D printer. It is worth 

developing the frame structural VIP to retrofit the insulation in existing buildings. 

 

Chapter 6: Of late, various energy saving techniques are being employed in new buildings; 

however, these techniques are difficult to apply to existing buildings. The thermal bridge, 

previously known as the cold bridge, has a significant negative impact on the architectural 

performance. Slim and multiple layered vacuum insulation panels (VIPs) can be applied 

to reduce the effect of the thermal bridge, for improving the architectural insulation 

performance. In this study, a calibration hot-box apparatus is setup to evaluate the “U” 

values and the apparent thermal conductivity of a multilayered combination of VIPs. Then, 

a calculation model is generated for analyzing the insulation performance of full-scale 

VIPs, which is solved using computational fluid dynamics (CFD). Finally, the insulation 

performance of the VIPs and the reduction of the thermal bridge effect are evaluated by 

the hot-box experiment and the numerical model. As per the experimental results, the 

apparent thermal conductivity in a triple layer application should be 1.083 times that of 

the original; numerical results demonstrate that for a large VIP application with a triple 

layer, the apparent thermal conductivity is 1.004 times the original. 

 

4) The vacuum-insulation-panel application method is simplified, as the attachment is 

applied to the building surface directly. In the proposed method of overlapping the 

layers, the heat flow can be calibrated and experimentally evaluated.  

5) A hot-box experiment was conducted and the results demonstrate the effective 

reduction of the thermal bridge; the apparent thermal conductivity with VIP 

application can be almost 1.375, 1.125, and 1.083 times the original with a single, 

double, and triple-layered attachment application, respectively. 

6) A numerical model was generated and the result matched well with the experimental 



 

 

 

result, proving the effective reduction of the thermal bridge. A large VIP was also 

tested and the apparent thermal conductivity result was the 1.31, 1.1, and 1.004 times 

the original, with the application of a single, double, and triple layered attachment, 

respectively. 

7) By applying VIPs to buildings, the heating load can be reduced by half with a triple-

layer attachment. 

 

Prospective of VIP 

 

  After studying this topic, I find that the upgrade of high insulation technique is 

continually needed and the way should carry on. 

  We already have strong frame for design and develop the VIPs, in the end, I 

summarized several considerations for the further study and outlook. 

 

1) The transparent vacuum insulation panels should be continually studied due to 

windows is always a weak point for energy saving in buildings. 

2) The frame structural VIP can be upgraded by other proposals, for example, the trusses 

structural VIP will enhance the structural strength meanwhile reduce the local thermal 

bridge of VIP body. 

3) Durability of the VIP is always a big challenge, the upgrade of gas barrier film can be 

improved and less core structural components can make a contribution. 

4) The internal gas generations should be studied to the frame structure initially. One of 

the significance is a validation way to the outgassing, the other significance is to make 

an analysis model. 

5) There are so many materials can be provided to make the core structure, we already 

proposed to a manufactural method in 3-D printer. The stronger and cheaper material 

should be found to produce the core structure in the future. 

6) The shape of VIP may consider again due to the edge part effects, not only to the local 

thermal bridge but also the installation method for actual application. 

 

 

 

 

 


