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Abstract 

Vacuum insulation panels (VIPs) are increasingly being explored in building applications. 
Typically used in industrial processes such as aerospace engineering, cryogenics and refrigerator 
manufacturing, VIPs have been proven to provide a higher thermal resistance per inch than typical 
building insulation materials. However, there is speculation on the performance of these panels over an 
extended period of time due to various factors which gradually cause a reduction in thermal resistance. 
The purpose of this research project is to identify these variables and how they alter VIP performance 
over the product’s service life. Based on a thorough literature review, the critical components were 
interpreted to develop a numerical model which can predict the future performance of VIPs as they age, 
based on initial material properties. This model is intended to benefit designers and researchers in the 
construction industry; in understanding the potential for vacuum insulation to contribute to building 
envelope design.  

 
 The results of calculation proved to be complementary to experimental results provided by the 
NRC, (initial calculated conductivities ranged from 4.17x10-3 to 4.56 x 10-3 W/mK, while measured 
conductivities provided by the NRC ranged from 4.12x10-3- 4.66x10-3 W/mK). While the results 
generated by the model do not provide exact numerical representations of the VIPs used, they do confirm 
that the model is a viable tool to estimate the approximate performance of the panels over time.  

 
The highest calculated conductivity was attributed to the low quality metalized (MF) VIP with a 

final conductivity after accelerated aging of 5.29 x 10-3 W/mK (14% increase from initial conductivity of 
4.56x 10-3 W/mK). The best thermal resistance is attributed to the high quality aluminum (AF) VIP, with 
a final conductivity after accelerated aging of 4.17 x 10-3 W/mK, 0.22% less than its original conductivity. 
This identified that VIPs have the potential to be integrated within building applications, although their 
performance is dependent on the material composition of the panel.  

 
Some observations included that there is little difference between aluminum and metallic foils in 

their initial conductivity; however the aluminum foils represented in this report outperformed the chosen 
metallic foils over time, as they provided smaller gas and water vapour transmission rates. The core 
material variables with the greatest impact on performance were density and porosity. Some of the 
simulated panels exceeded the conductivity limit before the end of their service life, while others did not. 
Therefore the conclusion for VIP performance overall cannot be confirmed, although the development of 
standards within the industry would ensure high quality material integration within building systems.  
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1.0 Introduction 

Vacuum insulation panels (VIPs) are increasingly being explored as potential building materials, 
with properties that could significantly reduce energy consumption without increasing the thickness of 
building envelopes. VIPs have been proven to provide a higher overall thermal resistance per inch than 
typical building insulation materials (Mukhodpyhaha, 2011). However, this technology is relatively new 
in building applications and there is speculation on the performance of these panels over an extended 
period of time. There have been numerous studies and experimental measures by various parties to 
determine the properties of these materials and how they affect the building’s performance over time. 
Several numerical models have also been developed to predict the future performance of VIPs based on 
their changing properties of permeability and conductivity. However, many of these models make 
numerous assumptions, and focus on particular properties relevant to the outcome of the research 
conducted, disregarding other variables which may impact performance. There are few which holistically 
consider all the relevant properties of the material and how these properties change as the material is 
subjected to differing climatic conditions and time.  
 

1.1 Objective 

The objective of this research project is to combine the efforts of previously conducted analyses 
to determine the aging performance of VIPs by establishing a relationship between their initial thermal 
resistances and how those resistances change as the panels age. A prediction model would be a valuable 
tool to the construction industry in designing and specifying VIP materials based on an estimation of their 
future performance values, and the contribution of improved insulation materials to reduced energy 
consumption in buildings. Many of the studies explored in this report identified the need for industry to 
have a tool such as this, in order to fully take advantage of this technology in building applications. This 
paper aims to identify all the key variables which must be considered in the development of such a model, 
and assist in identifying gaps in existing models which can be improved to provide a more holistic 
understanding of VIP aging performance. Generic material properties will be determined in order to 
identify which variables have the greatest impact on long term performance.  

 
1.2 Vacuum Insulation Panels 

The concept behind vacuum insulation is to remove air from the insulation material, thus 
removing thermal energy losses via means of convection and conduction. Ideally radiation would be the 
only heat transfer mechanism contributing to thermal transfer in the assembly, and this transfer is 
significantly less in comparison to its two counterparts. There is also an attempt to reduce heat transfer via 
radiation through the use of metallic foils. The complication with this system is that the thermal resistance 
is dependent on the absence of air (vacuum) and solid materials, which is nearly impossible to accomplish 
at the scale of a building application. Various options have been explored in regards to a material 
composition which can support this concept, as no material that has been developed on a feasible 
construction scale is completely impermeable to leakage and diffusion. The use of vacuum insulation is 
relatively new to the building industry, but has been used for quite a while in industrial applications such 
as refrigeration, aerospace engineering, and cryogenics.  
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These systems consist of core insulation materials which are wrapped within an exterior metallic 
layer. The air inside this membrane is mechanically removed and then sealed to create the interior 
vacuum. VIPs typically consist of foam, powder and fiber insulation cores as these materials are porous, 
making it possible to evacuate air from the panels. This core must also be able to withstand atmospheric 
pressure in order to maintain the vacuum, without compression occurring within the panel (Kwon, 2009). 
The most common iteration of this system in use today, and the one most commonly proposed is a fumed 
silica core wrapped in a polymer based film and coated with metallic foils. Metallic foils differ from 
aluminum foils in that they use multiple layers of thin aluminum between polymers. Increasing the 
number of metal layers is meant to enhance the performance of the panel by providing increased 
durability.  

  

 
Figure 1: Image of a typical VIP composition with core material, polymer and aluminum coating. (Emerald, 2012) 

 
Presently, there are no standards to guide the fabrication of VIPs or the testing of their 

performance. Typical practice which has been adopted by manufacturers is to fabricate panels ranging in 
thickness from 10-20mm, with either square or rectangular dimensions ranging from 10x10cm to 
50x50cm. These dimensions are common as they have been adopted from the current use of VIPs in 
applications where these dimensions are ideal (i.e. refrigeration). There is also yet to be any standards in 
fabrication amongst VIPs of the same materials, meaning that VIPs made from polyurethane foam for 
example can have very different material properties based on the temperature and duration of the foaming 
process. These materials can also vary considerably based on the fabrication of metallic foils. These foils 
generally consist of layers with alternating adhesives and polymers which can greatly influence the 
overall performance of the panel (see sections 2.4 on gaseous diffusion and 2.5 on water permeability for 
detailed explanation).  

 
In comparison to other insulation materials, including high performance insulations such as 

nanostructured materials and aerogels, VIPs have been found to far outperform these materials in thermal 
resistance per material thickness as seen in Figure 2.  
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Figure 2: Table comparing insulation values for typically used materials, identifying the potential for VIPs to provide the highest 

performance (RSI values converted from original imperial values). (Mukhopadhyaya, 2011) 

 
However, there are restrictions to this system’s ability to perform over time. The materials which 

construct this system cannot be isolated from the surrounding climatic conditions, and are thus subject to 
deterioration. This compromises the integrity of the vacuum and thus compromises the thermal resistance 
of the insulation. For this reason, as the panels age their performance as a thermal insulation decreases. 
Thus, while Figure 2 identifies the initial thermal resistance of VIPs in comparison to other insulations, it 
does not accurately depict how the material will perform in building applications. The initial thermal 
resistance can be much higher than conventional materials; however the rate of change in thermal 
resistance is what dictates the valuable service life for VIPs.   

 
1.3 Background Information  on VIP Development & Advantages and Disadvantages 

 In North America, building envelopes are expected to provide a minimum service life of 25-50 
years (Mukhopadhyaya, 2011). Since the performance of VIPs over an extended period of time cannot yet 
be confirmed in building applications, researchers are exploring different methods of predicting future 
performance in order to determine their ability to meet the minimum insulation standards over their 
service life. Research of this nature has been conducted, primarily in the form of physical experimental 
aging, with some theoretical knowledge and calculations to support measured findings. Many of these 
tests aimed to simulate rapid or accelerated aging processes, which expose panels to extreme variations of 
climatic conditions to accommodate for the time difference in testing. Theoretically, these tests can 
provide some notion of how panels would react to elongated exposure in more moderate conditions. This 
information can then be used to identify the potential for practical applications of VIPs in building 
assemblies.  

In Canada, the primary driver of such research is the National Research Council of Canada. They 
participate in an annual conference with other researchers from Europe (primarily Germany and 
Switzerland) and Japan (Alam, 2011). In Europe, some VIPs have already been integrated into building 
applications to monitor holistic performance, while in Canada the products are still in research and 
development testing within laboratories (Simmler, 2005). Much of the technological innovation and 
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implementation of this product is occurring in Europe, while Canada remains at an earlier stage within 
investigation. This is influenced by the difference in building codes and conventions between the two 
regions. In Europe where VIPs are being utilized more frequently in building applications, a lot of the 
construction consists of concrete forms, which VIPs can easily be adhered to. In Canada, the majority of 
the housing industry consists of wood frame construction, which requires different methods of application 
to assure minimal thermal bridging.  

 One of the main drivers behind the research and development of VIPs is their potential for 
increased thermal resistance. Buildings consume approximately 40% of national energy usage, primarily 
for heating and cooling (Mukhopadhyaya, 2011). By increasing the thermal resistance of a building 
envelope, one could reduce the amount of energy required to supply heating and cooling, thus reducing 
overall energy consumption in buildings, and thereby conserving energy resources and preventing 
environmental damage.  

While there is speculation on the potential of VIPs in building applications, there are several 
anticipated advantages for their use. One is that the envelope thickness in a building could potentially be 
reduced (for example, in concrete construction) while increasing the thermal resistance, creating more 
usable space within building design. VIPs also have great potential in building retrofit as the reduced 
thickness allows for additional insulation to be used in an envelope, while potentially avoiding zoning 
restrictions that may be encountered with increasing wall thicknesses. By utilizing thinner panels, 
manufacturers can also save on material resources, producing less waste. Depending on the materials used 
to fabricate the panels, they can also be recyclable or made from recycled materials. These panels have a 
higher thermal resistance per inch than conventional insulations and minimize the heat transfer 
mechanisms to consider through a wall assembly.  

 
There are also several disadvantages which can be associated with VIPs; many can be attributed 

to the lack of knowledge in building applications. The first is the material can deteriorate over time 
depending on the exposure within the envelope, contact with other materials and quality of construction. 
(For example, leaky sealants cause excessive air leakage through the envelope which can affect the 
performance of the panels). Further to this, exposure to different climatic conditions can results in various 
rates of material degradation and panel failure. Another significant issue for the construction industry is 
the limitation of how this material is installed. Physical damage and punctures to the metallic barriers 
allows for pressure increase within the panels, compromising the vacuum and causing them to fail. Thus, 
there is risk during installation for damage and puncturing of panels (Grynning, 2010). There is also 
limitation in construction as the dimensions of the wall must accommodate the panel sizes or vice versa, 
as the panels cannot be conveniently trimmed to fit on site as other conventional materials can be. There 
are other issues which need to be addressed and considered during construction, such as panel assembly. 
Panels are commonly secured in building assemblies using adhesives and/or clip fasteners. Depending on 
the method of assembly, the configuration of panels, the joint type and spacing between panels can also 
have an impact on overall performance. In identifying these variables, it is possible to mitigate some of 
the effects of degradation, and improve the system’s long-term performance. 
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1.4 Purpose and Scope of Research 

 The purpose of this research is to thoroughly review studies which have been conducted in 
relation to the aging performance of VIPs and synthesize the results in an attempt to develop a numeric 
model which can then be utilized to predict the aging performance of a panel based on its relevant 
material properties. This calculation will focus on individual panel performance, and will not account for 
other factors such as assembly components. This particular analysis will also focus on utilizing 
information which has already been developed in the industry and can be confirmed by more than one 
source. This numeric model is being developed in collaboration with the NRC as they have 
experimentally tested panels within their facilities in Ottawa, ON. The results of these tests will be 
utilized to validate the model produced in this project.  

This project will contribute to developing research around VIPs by synthesizing existing 
knowledge to simplify the prediction of future performance and to amalgamate experimental results to 
determine the generic material properties and variables of VIP products. The anticipated outcome of this 
research is a model which can approximate the aging performance of individual vacuum insulation 
panels, which can account for various climatic conditions and material properties. This tool can then be 
utilized to further research in the field of vacuum insulation, and identify the potential to advance testing 
to practical building applications.  
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2.0 Literature Review 

Research has been conducted to investigate the methods currently being used by academics to 
quantify the performance values of vacuum insulation. It is evident through the various studies that there 
are a number of variables which impact the performance of VIPs, in varying degrees. Many of these 
studies segment the factors acting upon the VIPs, focusing on particular material properties and 
disregarding others. The aim of this literature review is to understand the purpose of these studies, analyze 
their findings and critically examine how these results are relevant for the holistic performance of the 
panel. Based on these academic publications, the following variables have been determined as the major 
factors influencing VIP performance.  

2.1 Overall Conductivity  

As an insulation material, the function of a VIP is primarily to resist heat flow. Therefore, the 
most critical variable in determining its value as insulation is to determine its overall conductivity, or the 
rate at which it transmits heat. It is critical to note that while the variables which quantify the performance 
of VIPs have been divided in this report, they are very much interconnected properties as a change in one 
will often have implications on the other properties as well. That said, each of these variables contributes 
to VIPs’ overall conductivity value. The general consensus amongst most studies is that the properties 
which contribute primarily to VIP performance include: core material properties, offgassing of core 
materials, gaseous diffusion and permeability, moisture permeability and water content, polymer seals 
and panel joints, thermal bridging and edge losses, and climatic conditions (relative humidity, pressure, 
temperature and time). Each of these variables plays a role in the VIPs ability to resist heat transfer 
through conduction, convection and radiation. It is important to note that the overall conductivity is the 
value which best encompasses all the variables holistically, as it accounts for the overall change in heat 
transfer over a given time.  

 
2.2 Core Material Properties 

 There are a number of different core materials which have been utilized in vacuum insulation 
technology including powders, glass fibers, expanded polystyrene and fumed silica foams (Kwon, 2009). 
These materials can vary greatly in their performance as VIPs as they have different material properties. 
In this research project, the focus is on fumed silica as it is the commonly utilized and researched core 
material in this application (Baetens, 2010). The effective U value of VIPs is dependent on its ability to 
eliminate air from the core, while also minimizing solid conduction heat transfer. The way typical cores 
are fabricated is by injecting blowing agents into the fumed silica substance to create air pockets. In 
conventional application those air pockets (also referred to as cells) perform as the primary source of 
thermal resistance. In the case of VIPs, that air is evacuated from the cells in order to increase thermal 
resistance (Kwon, 2009). Open cell insulation (Figure 3) is used in VIP applications, as there is no access 
to remove air from closed cell structures (for example, extruded polystyrene would not be suitable). Open 
cell insulation materials are typically made by ensuring bubble growth from the injected blowing agents, 
followed by the cell wall thinning and breaking. Several analyses have been conducted to determine how 
the core structure contributes to the performance of the vacuum, and how core materials could be 
optimized during the fabrication process to ensure the maximum amount of thermal resistance.  
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 Tseng and Chu, from the Mechanical Engineering department at National Chiao Tung University, 
conducted a study which explores the variables which influence the radiative and conductive heat 
resistance properties of vacuum insulation based on the cell formation of the foam; focusing specifically 
on foam density, mean cell diameter, mean bead diameter and inter-bead porosity (Tseng and Chu, 2008). 
This analysis conducted experiments to measure the performance of 14 VIP samples with different broken 
and open cell structures, to evaluate the effect of cell geometry on heat transfer. This research goes into 
depth exploring the variables impacting performance based on cell structure, and developing various 
equations to represent these relationships. The results were categorized in two ways distinguishing lower 
and higher solid volume fractions, as the conductivity results ranged from 6.7x10-3 to 7.6x10-3 W/mK 
depending on the density of the foam (Tseng and Chu, 2008).  

 

 
Figure 3: Microscopic image of the open cell structure of a typical core material (Tseng and Chu, 2008) 

 

 
Figure 4: Example of cell size in micrometres, relative to the conductivity analysis (Tseng and Chu, 2008) 

 
 Figure 4 demonstrates how the conductivity of the material changes based on the cell size through 
radiation, solid conduction and overall conductivity. The graph demonstrates that as the cell size 
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increases, the total conductivity increasingly becomes dependent on radiative heat transfer, while the 
conductivity due to solid conduction decreases. This is ideal, because the conductivity caused by radiation 
has a smaller impact than solid conduction (solid conduction account for approximately 80% of total core 
conductivity (Tseng and Chu, 2009)). However, once the cell size surpasses 300µm, the total conductivity 
again begins to increase, implying that the ideal relationship between conduction and radiation can be 
achieved with a cell size between 100-300µm (Tseng and Chu, 2008). This is relevant to the study of 
aging performance, as the amount of evacuated air which returns to these voids will affect the thermal 
performance over time. Thus understanding the interior structure of the foam is crucial in understanding 
the potential conductivity of the panels.  
  

Another study analyzed four combinations of polystyrene and polyethylene compound foams to 
determine the relationship between the foam’s density and foaming temperature, and how this relationship 
affects the overall performance of the material in a VIP (Wong and Tsai, 2006). The results of this 
analysis outlined the various temperatures at which the compounds foam and indicate that increasing the 
content of polyethylene within a composite can increase the foam density. This is critical in the analysis 
of aging performance as the properties of the foam content in VIP’s will alter the manner in which they 
resist heat. These differences may determine different behaviour over time. This study also demonstrated 
that a porous open-cell foam core can be achieved at higher foaming temperatures, resulting in a lower 
initial thermal conductivity, but potentially larger deficiencies due to failure over time. This study is 
comparable to another (Wong and Hung, 2008), which looked again at foam density, cell sizes and 
chemical ratios. The final result of these tests was that the higher density core materials reduced the 
overall conductivity. This is relevant to this study, as there are yet to be any established standards for core 
material manufacturing. Therefore, the more that is understood about which material compositions 
provide the best service life, the more focus can be directed on developing those materials.  
 
 Tseng and Chu furthered their research to expand upon the first outlined method looking at 
broken cell ratio, heat transfer, average cell size and again solid volume fraction. The conclusion of this 
test outlined that adding 2% polyethylene to the product is the most effective combination to alter cell 
structure and reduce heat transfer (Tseng and Chu, 2009). It also indicated the 5% was the percentage 
where the material no longer improved, and should thus be considered the maximum additive necessary. 
The broken cell ratio of a material accounts for how many cells have physically broken within the 
material during the evacuation of air. The ratio primarily affects the amount of heat transfer via radiation, 
as a broken cell ratio which is too high is often accompanied by internal compression (causing cell walls 
to collapse on one another), while a broken cell ratio which is too low does not allow for sufficient 
evacuation of air. The cell size and broken ratio therefore control an optimum value to reduce radiative 
heat transfer, while the solid volume fraction is kept low to minimize conductive heat transfer. In this 
analysis, the results concluded that the lowest conductivity achieved was 4.4 mW/mK; which occurred 
with a broken cell ratio of 0.95 and a cell size of 170 µm.  
 
 Kwon and colleagues utilized equations and numeric representations to determine the values of 
each heat transfer mechanism through the cell structures. This article can be used in reference to analyse 
the particular heat transfer mechanisms of these panels to validate the claims of the previous studies, and 
also to predict the changing conductivity values as the core cell structure changes over time (Kwon et al, 
2009). The previous references utilized some calculations in order to validate their measured empirical 
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data, however this analysis differs as it relies primarily on theoretical knowledge to formulate equations. 
This study went into greater depth explaining the specific qualities of variables, whereas measured values 
can often account for such nuances. For example, the effect of porosity of the core in the previous studies 
was determined by taking an overall measurement of the panels and dividing it by other known factors, 
whereas this study went into microscopic depth (Figure 5), describing heat transfer at a cell-to-cell scale, 
before using these values to evaluate the core at a larger scale.  

 

 
Figure 5: Example of a simple cubic model used to evaluate the open-cell foam at a microscopic scale, relating the thickness of 

the solid structure to the cell size. (Kwon et al, 2009) 

 
 Utilizing equations suitable to the various types of core materials, this study concluded the 
following values:  
 
Table 1: Thermal conductivities of various core materials for VIPs and specific properties relevant to their 
calculations (Kwon et al, 2009) 

 
 

 Table 1 identifies that the same size panel, with the same metallic barrier used for VIPs can have 
quite different conductivity values depending on the core material. The importance of the various 
properties defining core materials from highest to lowest are: density, mean cell diameter, and inter-bead 
porosity. While the studies referenced in these reports may have differed according to approach, the one 
thing they all concluded was that within a calculation of thermal conductivity over a given amount of 
time, the core material had the greatest impact on the initial conductivity of the evacuated panel, and little 
to do with the rates of conductivity change through the VIP’s service life.  
 

 



 

- 10 - 
 

2.3 Outgassing of Core Material 

 While the core material does not have a large impact on the change of conductivity over time, its 
properties do contribute based on the amount of outgassing from said core material. When VIPs are 
manufactured, they are sealed within a metallic barrier. This means that any resulting chemical changes 
within the material, will produce a rise of internal pressure. This increased pressure compromises the 
performance of the VIP as it provides a heat transfer medium in an otherwise evacuated product.  
 
 Inner gas pressure was identified to be a significant contributor to performance deterioration in 
VIPs (Kwon et al., 2011). The increase of pressure was interpreted using a pressure rise method to 
measure the outgassing rate. This measurement is a diffusive mechanism based on Fick’s second law. 
While solid and radiative conductivity play a large role in performance, gaseous conductivity within the 
core material is responsible for long term deterioration. In this study, a polycarbonate core was analyzed 
for outgassing and it was observed that outgassing occurred as a result of material vaporization. It is 
difficult to accurately calculate outgassing due to a multitude of factors, which is why calculations are 
best supported by experimental means. The outgassing rates are usually portrayed in the numeric 
calculations as decay exponents, which assume a variable based on the fabrication of the core material 
and the initial gas concentration (which can be considered through various methods). The release of gas 
within a VIP occurs when the core material is exposed to a vacuum, due to the vaporization of the 
material, gas desorption from the surface and/or diffusion from inside the bulk material (as illustrated in 
Figure 6). 

 
Figure 6: Outgassing sources from a material in a vacuum (Kwon et al, 2011) 

 
 However, this value is often considered negligible within the evaluation of material over time 

because the rate at which the core material outgasses allows the internal pressure to reach a state of 
equilibrium before any significant service life has elapsed. This negation saves the trouble of calculating 
outgassing characteristics. It is such a complicated variable to calculate as it is dependent on several 
outgassing mechanisms, the properties of microscopic surfaces and the exact fabrication process of each 
panel. Even panels made with similar materials can vary based on foaming temperatures etc.  
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Table 2: Outgassing rate and diffusion coefficient for various gases based on a model that ignores adsorption (Kwon et al, 2011) 

 

 
 
 Table 2 is an example of some outgassing properties for different gases, based on a complex 
calculation model and which considers the initial measured gas content of the panels. As mentioned, 
while these values realistically have an effect on the performance of the panel, they are not considered 
theoretically within a lifespan of a VIP as it is assumed the rate of outgassing will decrease to 0 before the 
end of service life. This exponential decrease can also be seen in Figure 7, which identifies that the most 
significant change in outgassing rate occurs within the first 84 days after manufacturing (Yang and Xu, 
2007), and begins to level out before a single year has passed.  

 
Figure 7: Total estimated outgassing load and pressure rise over time (Yang and Xu, 2007). 

 
A similar study was done by Yang and Xu to analyze the effect of outgassing in polyurethane 

foam. This study identified that the rate of outgassing decreases as the temperature decreases (Yang and 
Xu, 2007). It also outlined some other factors which contribute to the core material degradation, including 
the use of volatile chemicals during manufacturing such as a blowing agent to expand foam. The 
insulation materials undergo a complex process affected by desorption and re-adsorption of gases, thus 
making the calculation of permeation through the films in both directions quite difficult. This study also 
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conducted an experiment to determine that outgassing can be greatly decreased in polyurethane foam by 
baking it before sealing in metallic barrier, as outgassing is affected by temperature, as seen in Figure 8.  

 
Figure 8: Specific outgassing rate at different temperatures (Yang and Xu, 2007) 

**Note: The heating treatment plotted in this graph represents an applied temperature of 120°C. This treatment was performed 
on the panels in order to encourage rapid outgassing of core materials before evacuation of the panel. This is meant to minimize 

subsequent outgassing.   

 
 Understanding the complexities of outgassing is critical in the development of this ageing 
prediction model, as gaseous diffusion has a significant impact on the degradation of the vacuum. The 
difficulty that arises with this complicated factor is the limited amount of research regarding measurement 
and prediction, specifically in relation to fumed silica panels.  
 
2.4 Gaseous Diffusion and Permeability  

One of the main causes for the degradation of the vacuum in VIPs is gaseous diffusion which 
occurs through the metallic and polymer coatings which keep it sealed. There are several factors which 
influence the rate of diffusion, and several methods of calculating them. The majority of investigations 
focus on defects in the foil as the primary cause for gaseous diffusion. In the majority of the referenced 
studies, it is worthwhile to note that gases are coupled into a category with one transmission rate; whereas 
in reality different types of gas are transmitted through the foil at different rates (ex. Oxygen and nitrogen 
do not permeate at the same rate)(Garnier et al, 2011). These differing rates can have an impact on the 
conductivity of a VIP; however the magnitude of this impact is insignificant in the broader context of this 
analysis.  

Gaseous conductivity in the VIP is determined by a number of gas molecules available in the 
material as transfer medium. The mean free path of molecules is the average distance which they travel 
before encountering a collision with another gas molecule. At a high pressure, the mean free path of 
molecules is smaller, thus collisions between gas particles occur more frequently, causing efficient heat 
transfer. Removing air through evacuation reduces the gas pressure, and thus diminishes the mean free 
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path between molecules (Thorsell, 2010). The increase in thermal conductivity occurs when gas 
permeates through the metallic barrier, thus increasing the internal pressure, as can be seen in Figure 9.  

 

Figure 9: Gaseous conductivity of materials with different pore sizes, as a function of gas pressure (Thorsell, 2010) 

 
Gaseous diffusion occurs through the metallic coatings, and the rate of diffusion is increased in 

areas where there are deficiencies in these coatings. The first research paper investigated outlined various 
methods of determining the deficiencies in metallic coatings on vacuum insulation panels, which are 
inherent in the fabrication process (Thorsell, 2010). The result of Thorsell’s analysis was a developed 
numerical model for calculating typical deficiency sizes and distribution, based on particular methods of 
calculation. This model, based on relation to an electrical precedent, is also compared to similarly 
conducted research and compares the methods and outcomes of these results. The result of this analysis 
outlines the average defects on interior and exterior coatings, and concluded that the permeability 
achieved was able to meet the performance requirements of VIPs for 30-50 years with only 2 layers of 
metallization layers; this performance was improved even when utilizing additional layers. Thicker 
metallic coatings provide a greater retardant for gaseous diffusion, however they also cause increased 
conductivity through the panel edges (refer to section 2.7 Thermal Bridges and Edge Losses for details). 
The ideal balance between these two factors varies depending on the type of foil being used. Thorsell also 
calculated an optimum thickness after which the additional of metallic layers no longer reduced the 
amount of permeability by a significant amount. For these reasons, panels are typically made with two or 
three metallic layers, depending on the manufacturer’s preference although 3 layers are optimal.  
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Figure 10: The basic setup of the model used for model verification of deficiency size and distribution. (Thorsell, 2010) 

  
Figure 11: Image showing the basic buildup of the modeled VIP barrier film and method of diffusion through coatings. (Thorsell, 

2010) 
 

Figure 10 is a diagram of the experiment conducted by Thorsell indicating how distances were 
measured between defects for the calculation, upon determining the location and frequency of such 
deficiencies.  These deficiencies were characterized as pinholes within the foil which occur naturally 
during the fabrication and handing of VIP materials. Figure 11 is a section through a common sample of a 
two layer VIP barrier film indicating how a model replicating an electric current was used to measure 
defects within the film, once it had already been laminated. The results indicated that the interior and 
exterior coating layers experienced different deficiency sizes and distribution (i.e. interior mean defect 
diameter was 1.3 µm with density of 4x108 defects/m2; exterior mean defect diameter was 3.2 µm with 
density of 8.6 x 107 defects/m2). The results of this analysis were utilized to calculate how they affect on 
the diffusion of oxygen through the barrier, and how the calculated values compared to similar studies, as 
seen in Figure 12.  

 
Figure 12: Calculated permeability for cases with real positions of the defects plotted. (Thorsell, 2010) 
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This analysis is relevant to the aging performance of vacuum insulation as it outlines various 

critical material properties, and describes in depth some of the parameters which affect permeability and 
thus the variable of gaseous diffusion, such as foil thickness, film composition and foil deficiencies. Note 
that these calculated deficiencies only account for the panels after manufacturing. It is reasonable to 
assume that additional defects will be incurred in building applications during transportation and 
installation of the panels. As of yet, these defects are not accounted for within numerical models. While 
this model goes into great depth on the method of calculating permeability based on defects, this variable 
is not practical within the context of aging prediction, as the values utilized for the derivation of this 
project’s calculation were taken from gas transmission rates associated with typical barrier types. The 
measured transmission values from these experiments inherently account for defects in the material, thus 
introducing additional calculation steps within the model would be redundant. It is important to 
understand these mechanisms however, in order to understand the variation of gas transmission values.   
 
 Brunner and Simmler evaluated the performance of metallised polymer films (three layers) when 
subjected to heat and moisture conditions and the deteriorations which resulted (Brunner and Simmler, 
2008). As this process of diffusion is time dependent, the aging process was reduced from 25 years to 2 
years by implementing higher temperatures to accelerate the process. Accelerated aging is when materials 
are subjected to extreme climatic conditions which increase the pressures that drive gas and moisture 
transfer. This increases the rate at which the vacuum diminishes, thereby simulating the process which 
would eventually occur at a slower rate in normal conditions.  
 

The parameters of the test conditioned the panels at 65°C, 75% RH for more than a year. The 
eventual failure of the laminates occurred due to cracks and deficiencies in the aluminum layers. However 
there was stipulation by the authors of this report, as the 100 day mark was meant to simulate the first 25 
years, and there were no observed failures during this timeframe, thus they continued with the study until 
they could detect failures. The equivalent service life was determined through calculations which 
accounted for anticipated pressure difference in both conditions. Their conclusion was that none of these 
failures are likely to occur under normal conditions. This is relevant to the development of an aging 
formula, as the results from this analysis can be used to approximate anticipated outcomes of the 
developed model. The study also provided insight in the method of accelerated aging by subjecting panels 
to extreme climatic conditions. It is significant to note that while many studies referenced in this report 
used similar methods, the conditions of the testing are not standardized, and results may vary according to 
different procedures. Therefore, further analysis may be required on the performance of the barriers to 
validate these conclusions as applicable to the development of this numerical model.   
 
 Another piece of literature noted that permeation through polymeric films generally increases 
with temperature and pressure (Garnier et al, 2011). Thus the metalized layers are used in application over 
the polymer layers in order to reduce gaseous diffusion. A comparison was conducted which concluded 
that small holes in a barrier produce a higher permeation value than large holes with the same total area. 
These deficiencies can be classified either as nano-defects (out of equilibrium growth mechanisms) or 
macro defects (pinholes and micro-cracks). This conclusion was reached by analyzing the typical surface 
deformation conditions using chemical analyses, optical microscopy and scanning electron microscopy. 
The amount of surface defects was observed to decrease as the thickness of aluminum coatings was 
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increased; however this addition of metallic coating also causes the effective conductivity to increase (as 
confirmed by previous references). A scanning electron microscope was also used in a study by Sutjipto 
(Sutjipto et al, 2008) to find deficiencies. The experiment works by charging and discharging metallic 
surfaces. The bombardment of electrons can be mapped and then interpreted to characterize and evaluate 
material properties. The durability of these coating materials is dependent on the aging process as the rate 
of diffusion decreases over time.  
 
 Each of these articles outline various methods of measuring the potential for gaseous diffusion in 
VIPs, but the resultant values vary for different testing methods. For the development of a numerical 
model, the determining factors such as foil deficiencies and thickness should be considered in order to 
determine an accurate representation of diffusion. Many of these studies utilize experimentation as well as 
numerical modelling in order to conclude the overall gas transmission rates through various types of 
metallic barriers. For the development of aging prediction, this overall value is sufficient for calculation 
as the resultant will be an approximation of future performance, and not a completely accurate 
representation of the panel’s actual performance.  
 
2.5 Moisture Permeability and Water Content 

Water can have a significant impact on the conductivity value of a VIP. This water is perceived in 
two ways, either as liquid moisture accumulation within the material, or vapour diffusion through the 
membranes. It is important to understand that vapour diffusion does not necessarily behave according to 
the same mechanisms as gas, although they are often caused by the same driving forces (air pressure vs. 
water vapour pressure). While they often act in conjunction with one another, the rate of gaseous 
diffusion is not necessarily relative to the rate of vapour diffusion. It is also notable that the diffusion of 
these two factors occurs at different rates, and is not interchangeable values by any means. When 
considering moisture, there is also a difference between measuring the moisture content of the panel in 
liquid form, and the presence of water vapour in gas form. Liquid moisture and water vapour are 
inherently connected in their behaviour, however the state of moisture has an impact on the conductivity 
of the panel, and thus they are considered separately. Within the development of this prediction model, 
they are considered to be two separate phenomena which affect the aging performance, while in reality 
there are coupling effects which account for the transition from one state to another. However, these 
values are insignificantly small in comparison to other variables and are therefore negated in this report.  
 
 Schwab lead a study on the water content in VIPs considered in relation to their performance, 
accounting for inherent water content and vapour diffusion through the panels (Schwab et al, 2005). 
Desiccants are often used in panels to mitigate moisture issues for certain materials; however fumed silica 
tends to absorb moisture, negating the necessity for an additional desiccant. Also, due to the longevity of 
the panel’s service life, a desiccant will delay the transfer of water but will not negate it. The amount of 
water bound in the panel can contribute to the thermal conductivity through latent heat transport. An 
experiment utilizing a hot plate apparatus was conducted to measure the thermal conductivity of VIPs 
when subject to various moisture loads. One side of the panel was heated to encourage vapour permeation 
for measurement, while the panel was loaded with increased amounts of liquid water to be absorbed 
between tests. This was done by encasing the panel within a glass enclosure with an increased 
temperature and relative humidity to produce larger pressure differences between the interior and exterior 
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of the panel. The results indicated a correlation between the increase of thermal conductivity and the 
water content of the panels. This study also observes that the water content in VIPs can often increase 
depending on the type of foils used, the climatic conditions and the adsorption properties of the core 
material. This study is relevant in analyzing the aging performance of the panels, as the accumulation of 
moisture is dependent on the factor of time, and can thus change the overall performance of the system.   
 
 This study concluded that the increase of thermal conductivity is proportional to the water content 
of the panel (approximately 0.5x10-3 W/mK conductivity increase per mass percentage of water, as 
derived from Figure 13). 

 
Figure 13: Heat transmission coefficient and thermal conductivity depending on the water content in 20 mm thick VIPs at a mean 

temperature of 10°C (Schwab et al, 2005) 

 
 Figure 13 identifies the mass increase for the panels specific to that test. However, the rates of 
increase in water content have been found between 0.02-3.8 % per year in different panels, which can 
contribute to a conductivity increase of approximately 1.9x10-3 W/mK annually (Schwab et al, 2005). 
This identifies that while the conductivity will increase linearly depending on the moisture content, that 
moisture content rate is dependent on the permeance of the foil, the climatic conditions and the sorption 
isotherm of the core material. Evidently this is relevant to aging performance, as a higher rate of moisture 
accumulation can lead to a faster decrease of thermal performance of the panel.  
 

Schwab and his colleagues also developed a calculation model to determine various climatic 
effects on the panels. The developed calculation was used to predict the increase in pressure and derive 
the maximum potential for increase in water content. This calculation can also be used in the development 
of an aging performance model, as the water content will continue to fluctuate based on other 
mechanisms, and will affect the future performance of the panels. The behaviour of these transfer 
mechanisms is based on a complex influence of temperature, relative humidity, and the size of panels 
which affect the pressure increase within the VIPs. This study noted that high relative humidity influences 
air and water vapour permeance of VIPs. This is critical especially for the polymer films. An experiment 
identified that the mass increase due to water adsorption happened along the surface of the foil, indicated 
that the water was being absorbed by the fumed silica near the surface of the VIP, rather than passing 
through the panel.  
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A separate study outlines that the most important element in VIP long term performance is the 
barrier of water and gas (Garnier et al, 2010). In this analysis, electrical resistivity was used to determine 
the thickness of the aluminum coating materials as a component affecting vapour permeability. The result 
of this test actually identified that panels can often have different film thicknesses on either face, even 
when composed of the same material, based on the manufacturing process and the handling of the panel. 
Similar to gas, the vapour permeability of VIP panels is dependent on this thickness of aluminum. 
However, all vacuum deposited coatings are in a state of stress (from pressure differences) and vapour 
diffusion through those coatings creates more flaws, whereas gas transmission is less harmful. This 
analysis identified that the pinhole defects (size and amount) are linearly related to the thickness of the 
coating. Wet and dry cup methods were used to test sample panel materials at different relative humidity 
levels to calculate the average permeability of different products.  

 
For the cup test, VIP samples were subject to conditions of 25°C, 90% RH and weighed weekly 

to determine mass increase. The water vapour flux was then derived through calculation by the weight 
change according to duration of exposure. The results confirmed that the vapour flux decreases 
exponentially with increased aluminum thickness, as well as using additional layers in the film barrier, as 
seen in Figure 14.  

 
Figure 14: Variation of permeance with (a) aluminum thickness and (b) fraction of the surface of pinholes. The number shown on 

the top of the point is the corresponding aluminum thickness for polymer-metal films.(Garnier et al, 2010) 
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This analysis also identifies the effect of pinholes in the film on the overall permeance of the 
panels. The permeance increased linearly with the increased percentage of pinholes in the metallic foil. In 
this test, the aluminum and polymer-aluminum films are considered separately, as the chemical 
composition of polymers can have an impact on the aging of VIPs. This occurs primarily because 
aluminum is sensitive to oxidation and polymers can protect the aluminum (particularly the presence of 
chlorine) and elongate the service life of the panel by preventing oxidation.   

 
Many of the tests which were conducted to calculate gaseous diffusion were done in parallel with 

vapour diffusion tests. This was the case for Garnier (Garnier et al, 2011), as she also conducted 
experiments using the cup method. Garnier also noted that layering multiple sheets of polymer films had 
no effect on vapour diffusion, as it had with gas. She noted that the increased water content in the VIPs 
would cause the degradation to polymers over time due to a hydrolysis reaction which results in 
delamination of various barriers. This was determined using a hydrothermal ageing process in a regulated 
climatic chamber (at 70°C, 90% RH).  
 

Heinemann (Heinemann, 2008) used a hot plate measurement technique in order to measure the 
effect of water vapour on overall thermal conductivity. VIPs were tested with various levels of increased 
water content within the cells, to determine the end result. When the fumed silica specimens were 
investigated, it was noted that most water had been adsorbed in the material, while small amounts were 
present in a gas state. This amount is dependent on the partial vapour pressure, which is dependent on the 
temperature. Moisture levels within the panels were investigated based on proximity to the warm and cold 
surfaces of the panel during testing. The most influential variables on overall conductivity are assumed to 
be the adsorbed water present in the liquid phase, which increases the rate of solid conduction according 
to the amount of water present.  
 

 
Figure 15: Sorption isotherm for Wacker WDS-VIP derived at 23 °C. (Heinemann, 2008). 

 
 Figure 15 is a resultant of these measured tests identifying an exponential increase of water 
content with elevated relative humidity. This measurement assumes a steady state condition and only 
accounts for desorption and adsorption by the panel, and does not account for surface diffusion. The 
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results of this test are reasonable, as the main driver for moisture transmission is the vapour pressure 
difference. When the relative humidity is increased, the applied vapour pressure increases; which causes a 
higher rate of moisture transmission. A higher relative humidity also increases the potential for 
condensation within the material, as it nears 100%.  
 
 While many tests account for the overall moisture accumulation and vapour transmission rates, 
this test was unique in that it investigated the distribution of water within the panel itself. This is 
beneficial to understanding the mechanisms of moisture within an insulation material and clarifies the 
behaviour of vapour transmission in the panels. For example, it identifies which side of the metallic foil 
will be exposed to the most deterioration, and how the increased mass percentage affects the overall 
vapour flux through the entire panel. The results of this analysis can be seen in Figure 16.  

 
Figure16: (a) Moisture distribution and (b) related relative humidity in a VIP with a thickness of 20 mm, for a total water content 

of 3% in mass. For the same mean temperature of 10°C, the temperature spread ΔT was varied. Average relative humidity is 
about 45% (Heinemann, 2008). 

 
 One of the limitations of the reviewed literature is that some of the values produced by these 
results cannot be directly compared, as they analyzed different composites of polymer and metallic 
membranes. However, these values could certainly be normalized to determine the appropriate factor for 
calculating the variable of aging performance. One of the most common values determined by these 
studies was the water vapour transmission rate, which is applicable depending on the type of panel tested 
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and can be translated into a normalized value. Therefore, the mass percentage of water content increase 
must be considered to accurately account for the increased thermal conductivity of the panel.  
 
2.6 Polymer Seals and Panel Joints 

The literature on the topic of VIP performance includes the importance of manufacturing 
techniques as a component which contributes to different performance values. This is particularly the case 
when it comes to sealing and evacuating the polymer seals and connecting the panels’ joints. There are 
several studies which investigate the effect of heat on the films and how it could potentially compromise 
the integrity of the seal, and lead to premature failure of the panel. The moment the seal is broken; air is 
allowed easy passage back into the panel, eliminating the benefits of the system.  
  
 Malsen and colleagues (Malsen et al, 2008) conducted an investigation of the effect of heat seals 
on metal films. The composite investigated comprised a base layer of polyethylene sealant, followed by 
an aluminum layer for the metallic coating and lastly a layer of polyethylene terephthalate (PET) for 
protection. The heat seal where these layers are connected is considered to be the weakest part of the 
coating. This study compares the bond of seals at extremely low temperatures, as well as room 
temperature. The temperature at which the polymers are sealed and the amount of time they are heated, 
largely determines the strength of the bond. When the films are heated, a small amount of pressure is 
applied and the layers fuse. There are various types of failure which can occur as a result of sealant 
methods. Peeling occurs when two fused laminates are completely de-bonded. Tearing is a rupture that 
occurs in the film in a non-sealed area. The third failure is a combination of peeling and tearing, often 
resulting is tearing along the seal. It is also possible for delamination to occur at areas other than the seal.  
  

In this study, four types of panels were tested based on different metallic layers. At room 
temperatures, it was found that the most common type of panel failure was delamination along the seal. 
Young’s modulus is a coefficient used together with tensile strength to determine the toughness of film 
materials, which then determines the life expectancy of the panel based on seal failure. The relationship 
between the heat seal strain and the modulus determine a potential fracture strain (the ability of the seal to 
store impact energy). While the temperature and time are critical to performance, a range of possibilities 
are available to provide good quality seal. Overall, seals tend to perform better in colder temperatures.  

 
Figure 17: General behaviour of apparent seal strength as function of seal bar temperature. (Malsen et al, 2008) 
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Figure 18: The modulus versus heat seal strength (SS) diagram for the tested films at room temperature. The average 

fracture strain (SS/E*t) is approximately 0.16 (Malsen et al, 2008) 

 

Figures 17 and 18 demonstrate the effect of the heat seal temperature on the strength of the 
laminate and how this can advertently lead to seal failure within a panel. The conclusive outcome of these 
results is that there is no one ideal method of sealing joints, although there are various combinations of 
foil types and temperatures which produce a higher quality seal than others. In relation to an aging 
prediction model, the prediction of panel failure is not considered. The prediction model is being 
produced in order to determine the potential service life of a functional panel, rather than the potential of 
a panel being functional. The functionality of the panel is determined by its ability to maintain structural 
integrity as a function of controlling the interior vacuum. Therefore, the heat seal strength is not factored 
into the final calculation, although it is important within this study to understand why panels may fail 
before their predicted service life and methods of prevention to deter the probability of a panel failure.  
 

2.7 Thermal Bridging and Edge Losses 

Another component of panel performance which is attributed to panel edges is thermal bridging 
along the metallic foil. Since the foil has a larger conductivity value than the core insulation material, the 
rate of heat transfer is increased along the edge of the panel. Most studies regarding VIP performance 
only consider the center-of-panel performance when concluding overall conductivity values, whereas the 
effective value should be calculated to accommodate for additional losses along the panel edge, as well as 
the increased potential for moisture accumulation in micro-regions of the panels. This is an issue more 
prevalent with VIPs than other insulation materials, because of the inclusion of highly conductive metal 
materials.  
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Figure 19: Schematic representation of the heat flows through a homogenous thermal insulation panel and a panel with a 

thermal bridge arising from a barrier envelope (Tenpierik et al, 2007) 
 

Figure 19 is an image depicting the difference between heat transfer in conventional insulation 
versus vacuum insulation. The graphs identify a uniform heat flux through the conventional material, 
while the VIP experiences an increased flux along the edges, caused by the metallic foil barrier. When 
two panels are joined, this effect is increased as two metal barriers in contact increase the potential for 
heat transfer. While this can still be calculated theoretically based on foil thicknesses and edge ratios, in 
practice these effects will vary depending on the configuration of the panels during installation, as the 
seams may connect in randomized formations.   

 
In one analysis, conducted by Tenpierik and colleagues, an equation is presented to calculate the 

effective thermal transmittance through the panel, based on the edge condition. The thermal bridge effect 
posed by the foil is then analysed in a numerical model which can approximate the effective thermal 
performance based on material properties (Tenpierik et al, 2007). This model also accounts for the 
method of seaming used to bind the metallic layers, and how this also contributes to thermal performance. 
This is relevant to this research, as these properties contribute to the initial conductivity of the evacuated 
panel. Although the contribution of the edge losses does not increase over time, it is still an important 
factor in understanding the performance of the panel holistically. The numeric model in this study was 
used to determine the effective thermal conductivity of panels being tested in a laboratory and then 
compared to measured values to determine its accuracy. Factors which contribute to the significance of 
thermal edge losses are thickness of aluminum, the thermal conductivity of the laminate, the thermal 
conductivity of the core material (if the core has a low resistance, then the foil has a smaller impact on the 
overall performance), and the method of edge seam construction.  

 

.  
Figure 20: Different edge seam constructions. (Tenpierik et al, 2007) 
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Figure 20 identifies the four most common methods of sealing metallic foils to maintain the 

vacuum within the VIP. Each method of sealing produces a different geometry in which the metal is 
exposed to exterior conditions. The value shown in each of these scenarios ( ) is a ratio which has been 
utilized in the calculation of thermal transmittance to account for the seam construction’s contribution to 
the effective transmittance of the panel. It accounts for the thickness of the foil itself, the thickness of the 
folded seam and the length of the edge which it covers. Table 3 below is an example of how these ratios 
can make a difference on the thermal conductivity along the edge of the panel. In particular, seam 
construction (d) generally produces the smallest conductivity value; however this varies depending on the 
type of metallic foil being used.  

 
Table 3: Comparison of the numerical data for different edge seam construction of a panel 0.02m thick. (Tenpierik et al, 2007) 

 

 
 
 In another analysis (Wakili et al, 2004), a test was conducted using a hot plate apparatus to 
determine the thermal conductivities of the samples. These samples contained the same fumed silica 
cores, but differed in the barrier materials, and the method of sealing. Measurements were taken to 
consider the center-of-panel value as well as edge condition. The conclusion of this study is that the heat 
transfer via the edge effect is significant enough that it cannot be neglected in the calculation of VIP 
thermal conductivity (Wakili et al, 2004). It also determined that this effect is dependent on the geometric 
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relation between the volume of panel and surface area of the foil, thus larger, square panels will provide a 
lower conductivity value than smaller, rectangular panels. Again, these parameters are important in the 
lifetime performance of VIPs as the initial properties determine the subsequent behaviour of the material. 
In this case, the effective thermal conductivity must be considered in addition to the center-of-panel 
calculations.  

 
Figure 21: Cross-section through a corner of the investigated VIP Types with a topological representation of their barrier 

envelopes (Wakili et al, 2004) 

 

 Figure 21 is an image depicting three different methods of sealing foil which were analysed in 
this study. Adjacent to the images are diagrams identifying the placement of seals. Types A and B are 
coated polymeric foils with aluminum layers of 90 and 300nm respectively. Sample C is wrapped the 
same way as panel A, although the panel thickness is slightly smaller and the aluminum foil is 8 µm thick. 
Each panel type was tested in a dimension of 500x500mm and 500x250mm to compare edge effects.  The 
results of these tests are identified below in Table 4.  

 
Table 4: Results of the guarded hot plate measurement for the edge effect.(Wakili et al, 2004)
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 The results shown in Table 4 identify the resultant thermal resistances of the joints when using 
various foil types, which were all determined to be less than the initial calculated center-of-panel 
resistance which is typically used in other studies. This indicates that the thermal bridging has a 
significant impact on the conductivity of an evacuated panel and must be considered in the prediction 
model for panel performance.  
 
 Some methods have been explored in attempting to mitigate the issue of thermal bridging in 
VIPs. Encapsulated VIPs go one step further to reduce thermal bridging by wrapping VIPs in an 
additional exterior layer of expanded polystyrene (EPS) (Tenpierik and Cauberg, 2010). This study 
utilized numerical modelling to determine the optimal thickness for VIPs within these panels. The study 
concluded that the performance of EPS alone could be significantly improved (up to 35% with 30mm 
panels, 248% with 100mm, and 137% with 95 mm) by integrating VIPs. This study considers integrated 
panels which could be interesting to compare with non-integrated panels, as the additional EPS may 
contribute to the durability of the VIP and potential reduction of deficiencies in the metallic barriers. The 
numerical approach to solving for optimized thickness in this could be applicable in determining the 
relationship between core thickness and metallic coatings, and should thus be considered in this project’s 
evaluation techniques. This is an interesting component to consider as it begins to indicate not only how 
VIPs could perform as individual panels, but how that performance can potentially be improved through 
the method of integration with other materials.  
 
2.8 Assemblies vs. Individual Panels 

 The majority of tests and calculations which have been conducted to evaluate vacuum insulation 
panels have been carried out in isolated environments and evaluated solely the performance of individual 
panels. Theoretically, this can determine an approximate value of performance for VIPs over time. 
Although realistically, it must be considered that these individual panels may perform differently 
depending on the context of their construction and integration within a building assembly. By 
understanding the weaknesses and strengths of VIPs through the previous studies, it makes it possible for 
designers to make appropriate decisions on how to incorporate VIPs in construction, and how to integrate 
them with adjacent materials to avoid compromising the integrity of the VIPs. There are some studies 
which have begun to take interest in these material interactions, and monitoring the specific utilization of 
VIPs in various assemblies.  

One study considered the uses of VIPs in a built context, in comparison to other typical insulation 
materials (Nussbaumer et al, 2006). The VIPs used in this analysis were encapsulated panels, protected by 
a layer of EPS applied outside of the metallic foil. This study also accounted for the performance of 
damaged VIPs which remained within the assembly. A hot box apparatus was used to measure the 
thermal properties of the samples by applying heat on one side of the sample, and measuring the 
temperature gradient using thermocouples at different locations. For the test, 6 sample panels were 
mounted to a concrete wall and monitored with thermocouples. Infrared thermography was also used in 
this experiment as a tool to identify surface temperature distribution. A numeric model was then analyzed 
to compare with the real time results.  
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Figure 22: Potential improvement by the application of 60mm thick insulation boards containing VIPs, which are half the 
thickness of conventionally used insulation (Nussbaumer et al, 2006). 

The conclusions of this analysis identified that there is a linear relationship between the amount 
of damaged area in a VIP and its decreasing thermal performance (as seen in Figure 23). The damaged 
area is characterized by the amount of exposure of the panel, to determine the rate of pressure increase 
within the panel (i.e. length of tear in foil seam). Figure 22 indicates the improved performance of the 
entire assembly based on the utilization of VIP panels within the building assembly. It is notable that 
while the intact VIPs outperform the other options, a wall consisting entirely of damaged VIPs 
(compromised vacuum) is only slightly less resistant than a wall consisting of conventional insulation 
materials. This investigation is useful as it considers the effective performance of damaged VIPs, whereas 
many studies do not. However as previously discussed, it is not directly applicable to the development of 
this prediction model as the purpose of the model is to determine the effective service life of a functional 
panel and not to determine the probability of panel failure.  

 

Figure 23: Overall U-value of insulated wall as a function of damaged VIP area (Nussbaumer et al, 2006) 
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Another conducted study (Grynning et al, 2010) was researched using hot box measurements to 
analyze a complete wall assembly. This investigation looked at single layer application of VIPs versus 
double layer configurations, while considering different panel thicknesses, edge effects (ex. Spaces of air 
between panels), and the effects of staggering panels and taping joints (Grynning et al, 2010). 
Thermocouples were used to measure resultant temperatures on the cold side of the wall, while subject to 
the hot box apparatus. These thermocouples were located in strategic areas along the face of the assembly 
to account for the effects of the different configurations. The results identified that there were 
irregularities found in certain areas due to the compression of panels during installation. This is another 
indication of the potential risk damage that could compromise the material’s performance. Error 
calculations were conducted in an attempt to correct this offset, while integrated in a simplified numeric 
model to determine different variables. A 19% difference was calculated based on the variations between 
the measured and nominal thicknesses, as well as round-off error. 

 
Figure 24: Comparison of measured and numerically calculated U-values of various VIP wall structure arrangements  

(Grynning et al, 2010) 

 
The results of this study (seen in Figure 24) identified that the size of the panels had an impact on 

their overall thermal resistance, as did the orientation and configurations. It was speculated that this was 
due to possible convection in gaps between the hot and cold surfaces of the VIP. When compared, the 
measurements indicated that the effective U values were higher than calculated in their numerical 
simulation. This indicates that there was either a large margin of error, or there may have been critical 
variables missing from their interpretation. For example, while the calculation does account for thermal 
bridging and convection in air gaps between the panels, it does not account for the increased conduction 
along the panel’s edge. The center of panel conductivity value was used and thus lacked the variable of 
linear thermal transmittance which may have a significant effect on the overall performance of the panel.  
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Either way, it can be assumed that in the development of a long-term prediction model, there will be a 
margin of error dependent on the accuracy and relevancy of the information included in the calculation.  

 
2.9 Relative Humidity, Pressure and Time: Experimental Processes and Prediction Models 

Aside from the investigations of VIPs within a built assembly, each of the variables evaluated in 
this report thus far have been considered as individual components. Many of the studies performed were 
anticipated to reveal a specific material property regarding the performance of the VIPs. However the 
implications of these factors have an impact on the other material properties depending on the conditions 
of testing. In regards to VIPs, it can be assumed that once you have the infiltration of one element, you 
will begin to experience reduced thermal performance. The objective of this report is to assemble a 
holistic list of variables derived from these previous studies to produce a model that can be used to 
account for all heat, air and moisture transfer mechanisms. More importantly is how these mechanisms 
behave in relation to relative humidity, pressure, temperature and time. These climatic and temporal 
aspects are crucial in determining the potential performance over time. There have been studies which 
have begun to develop service life prediction models in order to utilize the previously obtained material 
properties and translate them into the potential for long-term performance.  
 
 Each of the service life models in these studies has aimed to solve the same value, which amounts 
to the change in conductivity over a given amount of time. The service life of the panels is dependent on 
the definition of what performance those panels must provide. It is not yet standardized, but it is generally 
agreed upon within the academic community that the service life of a VIP is defined by the amount of 
time it takes for the conductivity to exceed 8.0 x 10-3 W/mK (Schwab et al, 2005). In order to perform as 
an acceptable insulation within a building envelope, this service life must exceed a minimum of 50 years 
(Mukhopadhyaya et al, 2011). While the final desired outcome for each of the following models is the 
same, the approaches to model development vary slightly depending on the known measured properties 
attributed to each panel type. The representation of these values is dependent on the method of testing 
used in each case, and the results produced from testing.  
 
 The first examined model (Simmler and Brunner, 2005) expressed the overall change in 
conductivity as:     
 

, ,   [1]

 
Where; 
The overall change in conductivity is a summation of two variables; 

,  is a variable that defines the change in conductivity over a change in pressure, based on a rate 

of pressure change that is dependent on the temperature and relative humidity that the panel is subject to; 

,  is a variable that defines the change in conductivity over a change in water content, based on 

the rate of moisture accumulation within the panel as determined by the temperature and relative 
humidity.  
 
The rate of pressure increase can be determined by: 
 



 

- 30 - 
 

 , , , ,
∆   [2]

 
Where;  

 is the standard air pressure (101 325 Pa); 
 is the free volume of the porous core (m3);  

∆  is the pressure difference between the interior and exterior of the panel (Pa); 
And ,  is the dry air permeance dependent on temperature, relative humidity, surface area and length 

of the panel (cm3/m2s Pa).  
 

 In this evaluation, the free volume of the core was determined by the density of the material and 
the porosity. The pressure difference was assumed to be equivalent to the atmospheric pressure, as an 
evacuated panel would theoretically have an internal pressure of zero. The dry air permeance was a value 
measured physically during testing of panels that were undergoing accelerated aging. This aging process 
was caused by subjecting the panels to extreme conditions, causing an increased rate of permeation, and 
thus faster deterioration than would normally occur during the service life of a panel.  
 
The second variable (rate in moisture accumulation) was determined by:  
 
 , , ,

,   
[3]

 
Where; 

 is the accumulation of moisture (mass%); 
 is the mass of the dry panel (kg); 

,  is the water vapour pressure outside the panel (Pa); 

 is the water vapour pressure inside the panel (Pa); 
And  is the water vapour permeance dependent on the testing conditions and properties of the 
panel’s geometry (kg/(sPa).  
 
 Similar to pressure, the water vapour permeance in this calculation was determined based on 
experimentally obtained values measured during testing. Based on these measured values and the known 
properties of the panels, the researchers were able to calculate both the rate of pressure change and the 
rate of moisture accumulation within the panel. This allows them to determine the overall change in 
conductivity over a given amount of time. In order to determine the overall service life in this study, the 
initial conductivity of the panel was required in order to apply the additional conductivity over time. This 
was determined by: 

 
 [4] 

 
 
Where; 

 is the center of panel conductivity based on the measured conductivity of individual materials (i.e. 
core insulation plus two layers of metallic foil) (W/mK); 
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 is the linear thermal transmittance which accounts for thermal bridging along the edge of the panel; 
 is the panel thickness (m); 

 is the edge length (m); 
 is the total surface area of the panel (m2).  

 
 Using these formulas, in combination with measured values obtained through experimentation, 
this study concluded that VIPs are suitable in building applications and can provide a sufficient service 
life; however special care should be taken in envelope design to prevent exposure to excessive humidity 
and minimize the potential for condensation, as moisture accumulation proved to be the largest 
contributor to increased thermal conductivity. This study is valuable in that it identifies gas and moisture 
permeation to be significant contributors to the performance of VIPs. However, it is lacking variables 
which have been outlined in other studies (such as water vapour). It also required experimental 
measurements in order to determine some of its variables. While the resulting values are not directly 
applicable in this model development, they can be referenced to describe some typical characteristics of 
different types of VIPs.  
 
 Brunner and Simmler further developed their service life model while determining the potential 
performance of vacuum insulation within flat roof construction (Brunner and Simmler, 2005). This model 
was made in collaboration with experimental testing and monitoring data collected from a constructed 
terrace for more than three years, located in a facility in Switzerland. These test results are unique from 
some others in that they were obtained in a real building context, rather than a simulated indoor 
environment. For this testing, the researchers still attempted to simulate accelerated aging effects. Rather 
than achieve this through extreme applied conditions, they opted to install small panels in an attempt to 
promote gas and vapour transmission over a greater surface area, thereby seeing greater aging effects. The 
prediction model they utilized was:  

 
≅ , 1 exp  [5] 

 
 
Where;  

 is the initial thermal conductivity of the panel (W/mK); 

 is the variable expressing the rate of change in conductivity based on the pressure increase during 

exposure (W/mK•mbar); 
 is the applied pressure (mbar); 

 is the amount of time (years); 

 is the variable expressing rate of change in conductivity based on water content within the panel 

(W/mK•mass%); 

,  is the equilibrium moisture content (mass%); 

And  is the time constant (years). 
 
 This model is very similar to the first model discussed in this section. However, this model 
accounts for the time constant and exposure time variables as they contribute to the outcome, whereas the 
previous model only accounted for the measured values. Those measured values inherently accounted for 
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these variables, however they are critical to include in a prediction model as the component of time is one 
of the factors which should be easily adjustable to determine different outcomes. The desired result of the 
prediction model is a function of time. The results of this study were compared with measured values and 
determined that the prediction model could produce accurate results within an uncertainty margin of 10-
15%.  
 
 Wegger et al. conducted an analysis of thermal conductivity prediction models, incorporating 
research material which was originally conducted by Schwab (Wegger et al, 2010). The results of this 
analysis were then used to develop another set of comprehensive calculations. Schwab’s holistic analysis 
of VIP performance evaluated the material both through calculations and experimentation.  The initial 
model presented was:  

  [6] 
 
 

Where;  
 is the overall conductivity of the panel (W/mK);  
 is the conductivity as a result of solid and gaseous conduction (W/mK);  

is the conductivity as a result of gaseous diffusion (W/mK); 

  is the conductivity as a result of radiation (W/mK);  
And  is the conductivity as a result of moisture convection (W/mK). 
 
 This study also acknowledged that a coupling term would be required to determine the result 
accurately; however this effect is insignificant in comparison to the other values and can be negligible 
within the context of approximations (Schwab et al, 2005).  In Schwab’s study, each of these variables 
was broken down and evaluated individually in order to comprehend each variable’s contribution to heat 
transfer and formulate an overall performance equation.  
 
In this model the change in conductivity over time due to gas permeation was calculated as:  

 
1 2

 [7] 

 
 

Where; 

   [8] and  
√

 [9]; 

 is the conductivity of free air (W/mK); 

 is the constant characterizing the energy transfer efficiency between gas molecules and pore walls 
within the core material (1.5-2.0 for fumed silica) (Schwab et al, 2005); 

 is the mean free path of air (m) ; 
 characteristic size of pores eg. Pore diameter (m) ; 

 Boltzmann’s constant (J/K); 
  temperature (K) ; 
 diameter of gas molecule (m); 

Pg is gas pressure (Pa). 
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 Using equations 6, 7, and 8, the following calculation was derived in order to obtain the 
conductivity due to gas, indicating that the three most influential factors on the conductivity of gas are 
pressure, pore size of the core material and applied temperature, resulting in:   

 ,

1

,

1
,

 
[10] 

 
 

Where; 

,   is the pressure at which thermal conductivity reaches half of ,  (the conductivity of free air) (Pa); 

 is a constant defined as 2 / √2 , accounting for the variables from equation 6.  

 
 This study identified that these relationships are essential to understand that the choice of core 
material within vacuum insulation is important in defining its overall performance relative to the amount 
of gas transport not only through foil barrier, but within the material itself. The rate of gas transmission 
through the panel as a whole had to utilized in order to calculate the gas pressure within the panel 
represented as . The gas transmission rate accounts for the permeance of the entire panel; foil and core 

material included, and is based on an empirical value obtained through experimentation on different types 
of products. The gas transmission rate can be measured for particular types of gases (usually oxygen or 
nitrogen), but in the case of these experiments the measured gas is a mixture which comprises air. In 
Wegger’s analysis the total gas transmission rate, dependent on temperature and relative humidity, is 
defined as: 

 , ∗ , ∗  [11] 
 

 
Where;  

 is the gas transmission rate through the panel’s surface area (m3/(m2s);  
 is the total surface area of the front and rear of the panel (m2);  

 is the length related transmission rate along the circumference of panel (m3/(m/s)) and  
 is the length of the circumference (m) ; 

 
The GTR is relative to the permeance of the panel laminate by:  

 
, ≡

∆
 [12] 

 
 
Where 

,  is the total permeance through the laminate of the material (cm3/sPa), and 

 ∆ 	is the pressure difference across the laminate barrier (Pa).  
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While the pressure on the exterior of the panel is known, the pressure within the panel changes with 
exposure over time. As the panel is initially subject to a vacuum, the initial pressure can be assumed as 
zero. In this study, the increase of pressure within the panel is defined as: 

 , ∆
 [13] 

 
 
Where; 

 is the change in pressure due to gas over a change in time,  

,  is the measured permeance (cm3/sPa);  

∆  is the difference between internal and external pressures;  

 effective pore volume (m3);  

 is conversion factor from standard (index 0) to measurement conditions (index m); 

Therefore   is the measured temperature within the panel (K);  
 is the standard pressure (Pa),  
 is the standard temperature (K).  

 
This equation can be solved to give an expression for the internal pressure as a function of time and 
external pressure: 

 ,

 [14] 

 
 
Where  

 is the internal pressure after a given amount of time (Pa), 
Papp is applied external pressure (Pa)  
and pinit is initial internal gas pressure of the panel (Pa).  
 
  While gas pressure increase accounts for a significant amount of conductivity increase in a VIP, 
moisture transport is also important to calculate. Similar to the method of calculation for gas, water 
vapour transport is determined using an empirically measured value.  
 
The water vapour transmission rate (WVTR) can be defined as: 

 
, ∆  [15] 

 
 
Where; 

	  is the mass increase of the panel with time (kg/s);  

,  total water vapour permeance (kg/(sPa) ; 

∆ water pressure difference across foil (Pa).  
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The external water vapour pressure can be determined based on the temperature and relative humidity; 
however the interior conditions can only be approximated through calculation. This can be done by 
applying the inverse function of the sorption isotherm according to equation 15. The sorption isotherm 
represents the amount of moisture bound within the core material as a function of the presence of water 
vapour in the pores .  
 

 ,  [16] 
 
 
Where 

 is the water vapour partial pressure (Pa) ; 

,  saturation pressure depending on temperature (Pa) ; 

 relative humidity (%) depending on water content (-).  
 
Therefore the change in water content must be calculated over time in order to solve for internal vapour 
pressure. It can be determined by: 

 ,

,
, ,

,

,
,  [17] 

 
 
Where; 

  is the rate of change in water content over the change in time (mass%/s); 

,  is the water vapour permeance (kg/(sPa);  

,  is the dry mass of the VIP (kg) ; 

, , ,  water vapour pressures inside and outside the VIP (Pa) ; 

,  relative humidities inside and outside (%).  
 
This study, with the support of other studies including Schwab and colleagues (Schwab 2005), the 
sorption isotherm of the VIP is approximated as a linear relationship where : 

 
1

– , ,

,
 [18] 

 
 

 is a constant representing the slope of isotherm for fumed silica which is estimated at approx. 0.08 mass 
% per percentage of RH up to 60%. Unfortunately, the number above 60% relative humidity has yet to be 
estimated on an empirical scale and therefore in this study  is always assumed to be linear. ,  is the 

saturated vapour pressure, according to the temperature (Pa).  
 
By understanding each of these variables, Schwab presented a formula to predict the changing 
performance of VIPs. The result of this analysis provided the following proposed prediction model:  

 ,

1 /
 [19] 
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 conductivity in evacuated state (W/mK); 

,  conductivity of free and still air (W/mK); 

 the pressure at which thermal conductivity of gas is half of ,  (Pa); 

pressure inside VIP (Pa);  
 is constant dependent on sorption isotherm (W/(mKmass%)) ; 

 moisture content (mass%) . 
 
  While the gas portion of this equation is consistent with others’ presented work, this equation 
lumps moisture accumulation and water vapour transmission as one variable acting on the VIP. While this 
formula assumes that an increase in moisture content and water vapour are inherently linked, it does not 
seem to holistically describe the possible scenarios. Also, the constant  lacks explanation in this study. 
Upon examining Schwab’s work thoroughly, it seems that Wegger had reached some similar conclusions 
as he proposed an alternate model for prediction which separated water accumulation and vapour 
characteristics. After thoroughly examining Schwab’s work, Wegger et al. proposed the following 
prediction model (Wegger et al, 2010):  
 

 
∆ ∆ ∆ ∆

	 , 1 /
, 1 /

	 1 /  

 

[20] 

 
Where; 
∆  is the overall change in panel conductivity (W/mK); 

 is the rate of conductivity change over the change in pore gas pressure (W/mK/Pa); 

 is the rate of conductivity change over the change in water vapour pressure (W/mK/Pa);  

 is the rate of conductivity change over then change in accumulated moisture content(W/mK/mass%);  

 is the pore gas pressure (Pa); 

,  is the atmospheric gas pressure outside the panel (Pa); 

 is the partial water vapour pressure inside the panel (Pa);  

,  is the partial water vapour pressure outside VIP (Pa); 

  is the water content of the core material (mass%); 
  relative humidity outside VIP (%); 

 is time (days);  
 and  are the time shifts caused by getters and desiccants (days); 

  and  are time constants due to gas and moisture respectively where:  

 

	 ,
∗    [21] and   

	 ,
∗  [22] 
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 is the effective volume of the panel, determined by the actually volume of the panel and the porosity 
(m3);  

 the gas transmission rate, depending on the relative humidity and temperature (cm3/m2 s);  
 the standard temperature (K); 
 standard pressure (Pa); 

 mean temperature of the panel (K); 
 the density of dry VIP (kg/m3),  

 volume (m3);  
 the water vapour transmission rate according to temperature and relative humidity (g/m2 s);  

 the saturated vapour pressure according to the temperature (Pa); 

 the rate of moisture content change over the change in relative humidity (mass%/%RH).  

 
This model from Wegger was one of the most comprehensive in describing the variables which impact 
the change in conductivity over time, and is one of the strongest references used for the development of a 
prediction model in this study. The most useful concept in this formula is that the majority of the 
variables are prescriptive and can be obtained by knowing the physical properties of the material which 
are easy to obtain from manufacturers, or based on experiments. The two most critical variables which 
have been obtained through experimental testing are the GTR and the WVTR. Using these concepts, 
Wegger and collegues used their equation to produce several prediction curves over a period of a century 
(Wegger et al, 2010). The prediction curves were based on the following equations:  
 

  [23] 
 
 
Where; 

 is the initial conductivity of the evaluated panel (assumed 4.0 mW/(mK));  
 conductivity due to permeation of gas over time:  

 ,

1
,
/

 [24] 

 
Where ,  is the conductivity of free gas (W/mK); 

 is the gas pressure within the panel (Pa);  

,  is the gas pressure when the conductivity is half of ,  (Pa); 

 
 is the conductivity due to permeation of water over time: 

 ,

1 / , /
 [25] 

 

,  is the conductivity of water vapour (W/mK); 

 the partial vapour pressure inside the panel (Pa);  

/ ,  is the pressure within the panel when the conductivity is half of ,  (Pa); 
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 conductivity due to adsorbed water in the core over time: 
 

1 /  [26] 

 
Where; 

 is the rate of conductivity change according to the rate of moisture accumulation;  

 is the change in moisture content over the change in relative humidity;  

 is the exterior relative humidity (%);  
 is time (days); 

 is the moisture time constant.  
 
 

 
Figure 25: Total thermal conductivity for various laminate types according to calculations using prediction models.  

(Wegger et al, 2011) 

 
  Wegger and his colleagues have provided the most comprehensive research thus far on how to 
predict the service life of VIPs. The results of their calculations, shown in Figure 25, identify that VIPs 
are a conceivable insulation material in building applications as they maintain a conductivity of less than 
8.0 x 10-3 W/mK for a minimum of 50 years. However, this calculation is theoretical and based on many 
assumptions-the first being that the evacuated conductivity of the panel is initially 4.0 x10-3 W/mK. While 
this is a typical value for initial conductivity, it is not an accurate measurement of any particular panel, as 
initial conductivities have been shown to fluctuate depending on various material properties and 
manufacturing processes.  
  In order to validate their prediction model, Wegger et al conducted accelerated aging experiments 
on physical specimens in their labs. They used these results in order to identify how the duration of 
accelerated aging related to natural aging, and other important relationships between elapsed time and 
different variables. For their experiment, they tested 3 layers metalized foil VIPs with a foil thickness of 
100 µm and panel dimensions 100 x 60 x 2 cm. In order to simulate rapid aging, the water permeation and 
gaseous permeation rates had to be increased in a controlled environment by subjecting the panels to 
various extremes of temperature and pressure.  
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Figure 26: Internal pressure as a function of time and external pressure. (Wegger et al, 2011) 

 

 
Figure 27: Water content as a function of time and external pressure. (Wegger et al, 2011) 

 
Figure 28: Acceleration effect of increased pressure, plotted for aging time up to 5 years. (Wegger et al, 2011) 
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Figure 29: Comparison of results from experiment with theoretical prediction. (Wegger et al, 2011) 

 

 
  Figure 26 and Figure 27 show the relationship between elapsed time and air pressure and water 
content, respectively. It is evident in both graphs that applying a larger amount of pressure (increased 
atmosphere) that the rate of air pressure and water content accumulation increases. In the case of air 
pressure, it appears that the rate of change is maintained linearly while the rate of the water content 
increase exponentially decreases at a larger applied atmosphere. However, the air pressure change will 
likely decrease beyond the boundaries of this measurement, as the internal pressure of the panel reaches 
equilibrium with the external atmospheric pressure. The same behaviour is observed for the water content, 
as the panel nears its saturation pressure. This implies that the water content has a larger effect on the 
change of panel conductivity within the earlier stages of a VIP’s service life. 
  
  Figure 28 is a representation of how the laboratory aging time for the conditions of this test is 
related to the corresponding times of natural aging. This is not directly applicable to the model 
development in this project, but it is important in understanding how the process of accelerated aging can 
contribute to simulating VIP service life. Upon utilizing the equation 23, Wegger plotted the predicted 
conductivity outcomes according to their test conditions. He then plotted measured values of the 
experimental results to identify how the real test relates to the prediction model (refer to Figure 29). This 
test identified that the plotted measurements follow the same behaviour patterns as the simulated 
predictions, thus the model is a viable tool for prediction. However, this test is only comparing results 
within a 200 day time trial. This leaves room to question how accurate these comparisons would be over a 
longer measured time frame.  
 
  Fricke, Schwab and Heinemann collaborated in 2006 in a study to identify various interesting 
properties unique to vacuum insulation panels (Fricke et al, 2006). Many of their findings are supportive 
of other equations previously discussed in service life and prediction models of this section. However, 
their study also provided some additional information critical to solving those equations. Their initial 
focus was on the properties of the material in a single state, followed later on by the changes in those 
material properties after aging processes.  
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  According to them the overall conductivity of a VIP is determined by:  
  [27] 

 
Where  

is the gaseous thermal conductivity (W/mK);  

 is the solid thermal conductivity (W/mK);  
 is the radiative thermal conductivity (W/mK); 

And  is the coupling term (W/mK).  
 
In this study, the researchers determined that the coupling term is negligible for many VIP core materials. 
It only becomes relevant for powder core materials that consist of hard grains (ex. perlite and diatomite) 
as the resistances between grains are affected by the internal rise in pressure.  
   
  According to this study, the solid conductivity can be determined by:  

 ~  [28] 
 
where  is the density of the core material(kg/m3); 
 and 1.5 2 for fumed silica (Fricke et al, 2006).  
 
This variable calculation is good as an approximation, however it is lacking in that it does not allow for 
the specification of different core porosities, which can have an impact on the evacuated conductivity of a 
panel.  
 
  The calculation of in this model was the same as the method presented by Schwab in 2005, and 

can be seen in equation number 6. 
  In the previously discussed service life predictions, ,  and / ,  are the pressures at which the 

conductivity of gas and vapour respectively are reduced to half of their initial conductivity in a free state. 
However, this reference is the only one to provide a description of how to calculate these values without 
the use of measurements. These variables were identified by:   

For air: / 230/
∅

        [29] 

For water vapour : / 120/
∅

       [30] 

Where ∅ is the average cell diameter within the core material  ( .  
 
And lastly, the radiative conductivity of a VIP according to this study can be calculated by:  

 16 ∗ ∗
3

 [31] 

 
 
Where  

 is the index of refraction (approximately 1 for fumed silica) (Fricke et al, 2006), 
 is the Stephan Boltzmann constant (W/m2K4), 
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 is the average temperature within the insulation and can be determined by 	
∗ /4, where  and  are the temperatures of the VIP surfaces (K);  

And  is the Rosseland extinction coefficient according to the average temperature and can be calculated 
as: 	  where  is spectral extinction coefficient and is obtained through measurements at 
various spectral wavelengths. The average  for fumed silica core material is 50-60 m2/kg.  
 
  This presented model does not specifically relate to the aging of VIPs, as it does not account for 
changing rates of conductivities, but only for single state measurements. This is not as useful within a 
prediction model, as it is required to understand the undergoing process in which conductivities change 
(as discussed, increase of gas pressure, moisture content etc.) However, this calculation can be useful in 
identifying the initial conductivity of evacuated panels according to their material properties, as many 
existing prediction models do not account for this accuracy.  
 
  Each of these analyses provides information on contributing factors to how VIPs age over time 
based on increases in conductivity. The service life is then determined by how long it takes the panel to 
exceed the maximum accepted conductivity within building construction. According to most studies this 
value is 8 x 10-3 W/mK, while others allow a conductivity of 11 x 10-3 W/mK (Tenpierik et al, 2010). 
According to current expectations of performance in the Canadian construction industry, it should take at 
least 25-50 years (Mukhopadhyaya, 2010) for the panel to reach this conductivity limit to be an 
acceptable building material. It is extremely inefficient and illogical for one to test a panel consecutively 
in experimental conditions for 50 years in order to prove the materials eligibility as a building material, 
before it can be implemented within the industry. For this reason, proving its potential through 
accelerated aging experimentation processes and through accurate numerical modelling can provide the 
evidence required to determine whether or not a material is suitable for use in the construction industry.  
 

   The models presented here represent work which has been conducted in this field up to this point. 
One of the issues with each of these service life predictions is that at some point within the process, they 
are all reliant on measured values, or variables obtained through experimentation. The final goal of a 
prediction model would be to input potential material values to obtain a service life prediction before 
deciding which materials to utilize within a building assembly. However, these material values are not yet 
standardized within the industry and this makes it difficult to synthesize calculations and formulas 
between different types of research without having to conduct various experiments. The next phase of this 
project is to utilize the information deduced by these studies and synthesize them into one equation, 
which can utilize typical material values based on existing research in this field of study.  
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3.0 Methodology  

 The purpose of this project is to explore previously conducted research, but to utilize the findings 
obtained in those studies to synthesize a calculation model which can be used to approximate the future 
performance of VIPs. In order to validate the numeric model, the NRC has been working in collaboration 
on this project by providing information from the physical testing of VIPs in their laboratory facilities in 
Ottawa, ON. The panels have undergone an accelerated aging process by subjecting the panels to 
different extremes of climatic conditions. The results from these tests were then normalized to compare 
five different panel types and the rate at which their performance changed over nine cycles of changing 
conditions. This accelerated aging process is useful in the development of a prediction model as it can 
help to validate the calculated changes for a given time period.   

The concept behind accelerated aging is that by subjecting the panels to extremely high 
temperatures and relative humidity, it causes the pressure differences to increase and thus increases the 
rate of pressure increase within the panel, causing it to fail at a faster rate than would normally be 
experienced. It is difficult to evaluate as of yet how accurately the aging process represents natural aging 
conditions; however it is assumed that if the model can be developed to reflect what is occurring during 
the accelerated aging process, that altering the duration of exposure and climatic conditions within the 
calculation would also give an approximation of how the panels could perform in any condition. 
Therefore the results provided from the NRC are being utilized to validate the final results of the model’s 
calculation output. Once the test phase was completed, the results of the prediction model were compared 
with the measured values obtained from the lab. This will determine any potential margin of error, and 
potentially identify any additional factors which should be considered in the model.  
 

Initially it was anticipated that to accurately model the panels, the NRC would be able to obtain 
the specific material properties attributed to the panels being tested. This information was unknown 
during the development of this model, as the panels have not yet undergone testing to determine these 
specific material properties. Thus the five panels tested by the NRC are anonymous in composition. To 
accommodate these unknown factors, extensive research was conducted based on the tests analyzed in the 
literature review to determine typical material properties, and then utilized to develop input values for 
generic VIP materials. These values were then used as input values for the calculation and compared to 
the NRC results in order to determine the viability of this calculation as a useable prediction model. The 
goal is that the calculation will provide the ability for members of the industry to input initial material 
properties, provided by the manufacturer, and gain a perspective outlook on how VIP’s can contribute in 
building design in the long-term.   

3.1 NRC Laboratory Testing  

 In order to validate the outcomes of the proposed model, the experimental results published by 
the National Research Council of Canada provided information on testing parameters and outcomes 
which were being measured in a laboratory testing facility located in Ottawa, ON. There were 5 samples 
of VIPs which were subjected to accelerated aging in the lab. These panels were indicated by code 
references (482-171, 487-61, 482-88, 487-115, and 499-106). The panels had initial thermal resistances 
which ranged from RSI 4.29 to 4.85 m2K/W. The contents of the panels are unknown, and cannot be 
determined without destroying the integrity of the panels. During the first half of each cycle, the panels 
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were kept in conditions of 23°C, 95% RH for seven days. For the next seven days the panels were then 
kept in conditions at 70°C, 5%RH. 5% is an estimation for the second half of the cycle as the attempt was 
to achieve as close to 0% as possible. The panels went through these fourteen day cycles nine times and 
measured at the end of each half cycle to determine the change in thermal resistance. Since the initial 
thermal resistances varied, these numbers were normalized in order to compare the change of 
performance in each panel. The results can be seen in Figure 30.  

 

Figure 30: Results of the accelerated aging effects on five VIP products, conducted by the NRC (Mukhopadhyaya, 2011) 

  In this graph, it is seen that 3 of the VIP products behaved in a similar manner (487-61, 482-171 
and 487-115) where their initial thermal resistance was reduced to 95% of the original value. The 
decrease in performance ranged for each product from 0.37-3.51% of the initial RSI value per cycle. The 
maximum reduction observed in this time was 19% of the initial thermal resistance, the minimum was 
10%, while the average reduction after seven simulated years was 13%. Product 499-106 can be seen 
diminishing at a much faster rate than the other panels. The result of this testing for product 482-88 is 
inconclusive as it is observed to increase in thermal resistance before reducing at a rate similar to the 
average cases. The hypothesis for this behaviour is attributed to the adsorption capacity of core materials 
at higher temperatures, which may have caused the resistance to increase during the second half of the 
testing cycles. The anticipated outcome of this project is then that, if VIPS are simulated using a 
calculation model which utilizes the same cycle durations and conditions, the resulting change in thermal 
conductivity should follow a curve similar to these output results. The model can then be altered to 
simulate a typical Canadian climate over a normal aging curve to determine the predicted performance.  
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3.2 Explanation of Proposed Numerical Model 

A numerical model was assembled in an attempt to predict the aging performance of Vacuum 
Insulation Panels (VIPs), using concepts from the existing research. This model was assembled based on 
the findings of researchers who have analyzed this product and have produced their own calculations to 
solve various properties of this material. While there have been some studies focused on creating holistic 
models for aging performance, which aim to encompass all methods of heat transfer and decomposition of 
panel performance, these models have all been used in tangent with experimental results retrieved through 
physical testing. The intention of the model produced in this report is to provide a tool which can predict 
the approximate thermal conductivity of panels over extended periods of time, with simple inputs of 
known material properties. This will be achieved by providing a database of results from relevant 
experiments, so that if there is an unknown material property (or an unspecific value) the value for this 
component can be estimated based on similar materials. This model will then be used to solve various 
scenarios and compared with equivalent test results in order to validate its accuracy.  

 Based on supported research from the literature review, the following model was utilized 
(referenced from equations 6, 23 and 27): 

  [32]
 

Where  is the overall thermal conductivity of the panel after a given amount of time (W/mK); 
 is the initial thermal conductivity of the evacuated panel (W/mK). This value is based on the thermal 

heat transfer via radiation and solid conduction ( ; 
 is the thermal conductivity as a function of gaseous diffusion over time (W/mK); 

 is the thermal conductivity as a function of water vapour permeation over time (W/mK); 
 is the thermal conductivity as a function of accumulated moisture content within the panels over 

time (W/mK);  
and  is the thermal conductivity of the panel as a component of the coupling effect (W/mK), which 

accounts for proponents of variables which can act as driving mechanisms for other heat transfer 
variables. Throughout the studies analyzed, there was a consensus that this variable is negligible for 
fumed silica VIPs. 

Using this initial equation, each of the conductivity components was derived according to 
methods agreed upon by various studies and other developed models, which account for the material 
properties and climatic conditions to determine each of those conductivities. Upon deriving these 
components, the resulting equation is proposed for this prediction model as follows:  
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3.2.1 Evacuated Panel  

 
16 ∗ ∗

3
1
3

1  [34]

 

(referenced from equation 31 and Kwon et, 2009).  

Where; 
n is the index of refraction (-); 

 is the Stephan Boltzmann constant (W/m2K4); 

∗ /4 in which  and  are the temperatures at the surface of the VIP (K); 
 is the Rosseland mean extinction coefficient. In the case of rigid, open cell foams:  

44 ∗ ; where  is the density of the foam (kg/m3); 
 is the conductivity value through the solid material strut of foam core material (W/mK); 

 is the porosity of the foam, or the ratio of void to bulk volume (-) ;  
 is the linear thermal transmittance caused by the edge effect, which accounts for thermal bridging 

between panels due to the increased conductivity of foil over the core material, 

   [35]  

where  is the ratio of / ,  is the thickness of the foil laminate, and  is the thickness at the panel 

edge (accounts for folded seals),  
  is the thickness of the VIP (m),  

 and  are the heat transmission coefficients of boundary surfaces (W/m2K);  
 is the thermal conductivity of the foil (W/mK); 

 is the total edge length (m);  
 is the total area of the panel (m2). 

 The calculation for the evacuated thermal conductivity is applicable for the first cycle of any 
simulation. In the subsequent cycle, this value is replaced by the final conductivity of the panel from the 
previous cycle. Hence  , 	 , 	  , etc. This accounts for any physical changes which the 

panel had undergone in the previous cycle, assuming that the panel has not been re-evacuated. In this 
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calculation there are some variables which are constants and remain consistent through calculations of 
different VIP products. The values which are attributed to the material properties and climate conditions 
are necessary to identify as these are the values which must be known in order to solve the calculation.  

 The conductivity of the fumed silica strut ( ) is assumed to be a constant rather than material 
dependent, as it is the same value for all fumed silica cores, whereas the material dependent components 
are known to vary according to the manufacturing process of different VIP products. Therefore in order to 
solve this portion of the equation, the material and climate dependent variables need to be identified. This 
calculation was derived primarily using research from Kwon (Kwon et al, 2009) and Schwab (Schwab et 
al, 2005) with supplementary research support from numerous other sources that have referenced their 
work in furthering the research of VIPs.  

3.2.2 Gas Transmission  

 Gas transmission is one of the factors which cause the panel’s conductivity to change over time, 
based on internal and external pressures. As the internal pressure rises, the negation of the vacuum allows 
for greater heat transfer through addition matter (air molecules). The following model was used to 
determine the effect of gas transmission on overall conductivity.  

 
,

1

 [36]

 
Where; 

,  is the thermal conductivity of still, free gas (W/mK); 

/  is the pressure (bar) at which the conductivity is reduced to half of , ; / ~	230 /  

where 	is the average cell diameter (μ ); 
 is the calculated gas pressure in the panel (bar); 

 , ∗ /   [37]
  
 ,  is the atmospheric gas pressure (bar);  

 is the time (days);  
 is the time constant denoted as; 

  
, ,

∗    [38]

 

 is the effective volume (m3) of the panel (volume subject to air evacuation) which is determined by the 
actual volume and the porosity of the core material ∗ ; 

 is the standard temperature (K); 
 is the standard pressure (bar); 
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 is the temperature (K); 

,  is the gas permeance as determined by 

  , ∆
 [39]

 is the gas transmission rate, attributable to the foil used in the VIP (m3/day); 
∆  is the pressure difference from the exterior and interior of the panel (bar).  

These calculations were utilized primarily from work done by Wegger and Schwab. As with the 
other variables, some components of the calculations are constant, material dependent or climate 
dependent. This formula indicates that the variable with the largest influence on the conductivity is the 
gas transmission rate (GTR). This variable depends not only on the metallic film used on the panel, but 
the material properties of the core material as well. Since the rise of internal pressure is dependent on the 
pressure difference between the exterior and interior of the panel, it is reasonable to assume that the rate 
of pressure increase within the panel will decrease exponentially over time as the internal pressure 
reaches equilibrium with the atmosphere.  

3.2.3 Water Vapour Transmission 

 Water vapour transmission is another variable in this formula which changes the conductivity as a 
function of time. The introduction of water vapour into the vacuum diminishes the panels’ ability to resist 
heat transfer. This variable is calculated separate from gas as the transmission rates are not 
interchangeable, as they are driven by different mechanisms of pressure. In this model, the equation being 
used is again a combination of research conducted primarily by both Schwab and Wegger.  

 
,

1 / 	,
 

 

[40]

Where; 

,  is the thermal conductivity of water vapour (W/mK); 

/ 	,  is the pressure (bar) at which the conductivity of water vapour decreases by half (bar;  

 / , ~120 /
μ

 [41]

 
 

 is the average cell diameter (μ ),  
 is the calculated partial pressure of water vapour within the VIP (bar); 

 . ∗  [42]
 

Where; 

.  is the saturated vapour pressure dependent on the temperature (bar); 
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The water content  (mass%) is determined by: 

 1  [43]

 

 is a constant representing the slope of the sorption isotherm of the core material ; 

 is a rate of change in the mass percentage of moisture content based on the rate of change in relative 

humidity (-),  
 is the exterior relative humidity (%),  

 is the time (days); 

And   is the moisture time constant: 

 
,

∗
1

,
∗  [44]

 

Where; 

 are the density (kg/m3) and volume (m3)of the material respectively;  

,  is the total water vapour permeance of the panel: 

 , ∆
 [45]

 

 is the water vapour transmission rate through the foil (kg/day); 
∆  is the difference in water vapour pressure between the exterior and interior of the panels (bar).  

 Similar to the behaviour of gas transmission, the largest contributing factor to the eventual 
conductivity is the water vapour transmission rate (WVTR), not only through the foil barrier, but the core 
material as well.  

The rate of moisture change per change in relative humidity  is assumed to be a constant as it is a linear 

slope for fumed silica materials.  

3.2.4 Moisture Accumulation 

 The calculation of moisture accumulation is a separate variable than water vapour transmission as 
it accounts for the retention of water within the solid material itself. While the variables utilized in the 
equations 39 and 45 are very similar, the function of conductivity in this scenario is more dependent on 
the amount of water content in mass %, rather than the increased pressure caused by the presence of 
moisture vapour. Therefore:  
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1  

 
[46]

Where 

 is a rate is conductivity change due to a change in moisture content; 

This value was determined by Schwab to be 0.29mW/mK (Schwab et al, 2005), and is a considered a 
constant for fumed silica materials. (See section 3.2.3 Water Vapour Transmission for definitions of other 
variables).  

3.3 Assumptions and Excluded Variables 

 The development of this model was heavily reliant on existing research which has already been 
confirmed in the field of study. However, these equations are lacking certain components which need to 
be considered when determining the suitability for VIPs in the use of building applications. The inclusion 
of the following excluded variables within this calculation is not included in the scope of this report, 
although they could have an impact on a panel’s overall performance. The first thing to consider is that 
the accuracy of these results is dependent on the accuracy of the information from the referenced studies. 
This calculation should not be considered an accurate representation of a panel’s service life, but rather an 
approximation of the panel’s future behaviour identifying the potential performance over extended 
periods of time.  

 Another assumption made in this equation is two dimensional steady state heat transfer. While the 
initial conductivity does account for linear thermal transmittance, it is not completely accurate as there is 
increased heat transfer in the corners. While it also accounts for the type of seam per panel, it does not 
account for increased heat transfer dependent on the connection between panels (i.e. the resistance 
throughout the panel configuration will alter depending on the consistency of the connection between 
panels). It should also be noted that this calculation accounts for various climate conditions over given 
amounts of time. However, the natural conditions would not instantly change from one condition to 
another (i.e. winter does not instantaneously become summer). Therefore it is assumed that a longer 
duration at the extremities would account for any conductivity changes which occur during transitional 
states.  

  This calculation does not account for structural and physical deterioration factors. For example, 
exposure to ultraviolet radiation could cause the foil to weaken thereby causing higher transmission rates 
of gas and moisture. Effects from this kind of exposure may be prevented by other materials within the 
assembly, however these factors should not be overlooked. Also, the oxidation of the metallic foil also 
has an impact on the transmission rate of air as deficiencies within the foil increase. The calculation does 
not account for exposure to pollutants and acidity that could contribute to degradation of materials over 
time. However it is assumed that because the values utilized in this report have been obtained from 
outside sources that compiled results through experimental measurements, that these deficiencies are 
inherent in the calculated values.  
 

The outgassing rate of the core material was also excluded from this calculation. The outgassing 
rate is negligible due to the exponential rate at which it decreases. While it may have an effect on the 
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conductivity of the panel throughout its service life, it is assumed that all outgassing will have occurred 
before the end of 50 years. Figure 7 in Section 2.3 identifies that the majority of outgassing occurs within 
the first year after panel fabrication. Thus on a larger scale of a 50 year service life, this value becomes 
insignificant.  

This calculation is also biased towards the type of core material being utilized. Fumed silica is the 
most commonly utilized material in the field right now, however an ideal prediction model would account 
for various material properties. Unfortunately there is not enough supportive evidence in the academic 
research and development of these products just yet to include within the scope of this project.  

3.4 Categorization of Variables and Determination of Generic Properties 

Based on the accumulated knowledge presented by current literature, the next phase of this 
research is to quantify the variables of this calculation in a manner that accounts for different scenarios 
and use those to develop a comprehensive prediction that can be simplified using computer software to 
facilitate the needs of the industry. For this project, the numeric model was input using Microsoft Excel in 
order to facilitate calculations and allow for experimentation with altering material and climate dependent 
variables to produce a prediction of VIP service life according to the chosen product. Unfortunately, the 
specific material properties of the panels tested by the NRC were unknown, which necessitated the 
accumulation of various known material properties into a generic material database. The accumulated 
information was then used to define six different types of VIPs which are commonly used, to compare 
their performance behaviour. Three of the panels were of the aluminum foil variety (AF) and the others 
were metalized foils (MF). Typical examples of these foil compositions can be seen below in Figure 31. It 
should be noted that the material properties for these foils were taken from typical foils which may be 
used in the industry, and are not representative of specific VIP products. Therefore the results will reflect 
potentially common outcomes, and do not represent all cases of aluminum and metalized foils.  

 
Figure31: Typical sections of envelope materials for VIPs. (Tenpierik et al, 2007) 

 
The input values for material properties were derived from numerous sources within the VIP 

research industry and can be found in Appendix A. The values varied according to the conditions of 
testing and were chosen appropriately. The values were then evaluated to determine which were 
associated with high quality, average, and low quality performances and input into the calculation 
accordingly to determine the different outcomes. Tables 5 and 6below identify the variables which were 
utilized in the equations according to constants, material dependent properties and climate dependent 
properties.  
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Table 5: List of constants within the calculations.  

Constants Symbol Numeric Input Value  
Index of refraction (-)  n 1 
Stephan Boltzmann constant (W/m2K4)   5.67E-08 
Conductivity of solid material strut (W/mK);  0.26 
Conductivity of free gas (W/mK) ,  2.57E-02 
Standard reference temperature (K)  273.15 
Standard reference pressure (bar)  1.01E-03 
Conductivity of free water vapour (W/mK)  ,  1.60E-02 
Rate of moisture accumulation over rate of relative 
humidity change (mass%/%)  

0.08 

Thickness ratio (-) /  0.33 
Panel thickness (m)  0.02 
Panel surface area (m2)  0.18 
Average cell diameter (µm)  204 
Effective Volume (m3)  1.72E-03 
Porosity (-)  0.95 
Time (days)   Accelerated aging: 7 

Service Life: Winter 182.25, 
Summer 183 

 
The dashed line in Table 5 separates constants which would be applicable in all calculations regarding 
VIPs and the constants which are applicable to this prediction scenario. The variable below the dashed 
line are actually material dependent properties; however are being considered constants within this 
calculation as they apply to all six of the generic VIPs.  

Table 6 below identifies the numeric values utilized for each of the generic materials. These 
materials were defined in regards to high performance, average and low performance VIPs. Based on the 
literature review, these material qualities were determined primarily by the foil thickness, the gas 
transmission rate, the water vapour transmission rate and core material density; which are the most 
influential factors on performance over time. The high quality materials accounts for larger foil thickness, 
low gas transmission and water vapour transmission rates and high material density. Low quality 
materials were determined using small foil thickness, high gas transmission and water vapour 
transmission rates with low material density. The average material was determined based on average 
values. These values were derived from existing analyses, which can be found in the Appendix of this 
report.  
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Table 6: List of material dependent variables within equation for each VIP type calculated. MF=metalized foil, AF=aluminum 
foil. 

Generic 
Foil 
Type 

Foil 
Conductivity 	

 (W/mK) 

Foil 
Thickness 

 (m) 
Gas Transmission 
Rate  (m3/d) 

Water Vapour 
Transmission Rate 

 (kg/d) 
Density  
(kg/m3) 

MF Avg. 1.25 8.57E-05 

@ mid T, high RH = 
3.35E-09 
@high T, low RH = 
2.58E-09 
@ mid T, mid RH = 
4.20E-09 

@ mid T, high RH = 
3.36E-06 
@high T, low RH = 
8.51E-07 
@ mid T, mid RH = 
1.08E-06 515.03 

MF High 1.25 1.01E-04 

@ mid T, high RH = 
7.80 E-11 
@high T, low RH = 
8.00E-11 
@ mid T, mid RH = 
4.20E-09 

@ mid T, high RH = 
3.24E-07 
@high T, low RH = 
1.62E-07 
@ mid T, mid RH = 
1.98E-07 991.96 

MF Low 1.25 6.41E-05 

@ mid T, high RH = 
1.37E-08 
@high T, low RH = 
8.82E-09 
@ mid T, mid RH = 
1.57E-08 

@ mid T, high RH = 
7.20E-06 
@high T, low RH = 
1.80E-06 
@ mid T, mid RH = 
4.20E-06 319 

AF Avg. 0.33 1.15E-04 

@ mid T, high RH = 
2.88E-10 
@high T, low RH = 
1.09E-09 
@ mid T, mid RH = 
1.00E-09 

@ mid T, high RH = 
2.70E-07 
@high T, low RH = 
1.71E-07 
@ mid T, mid RH = 
3.64E-07 515.03 

AF High 0.33 1.20E-04 

@ mid T, high RH = 
3.60E-11 
@high T, low RH = 
2.00E-10 
@ mid T, mid RH = 
3.00E-11 

@ mid T, high RH = 
1.08E-07 
@high T, low RH = 
1.44E-07 
@ mid T, mid RH = 
9.00E-08 991.96 

AF Low 0.33 1.00E-04 

@ mid T, high RH = 
5.40E-10 
@high T, low RH = 
1.98E-09 
@ mid T, mid RH = 
5.40E-09 

@ mid T, high RH = 
3.60E-07 
@high T, low RH = 
1.98E-07 
@ mid T, mid RH = 
9.00E-07 319 

***Note: The gas and water vapour transmission rates change according to temperature and relative humidity. For this reason, 
it was necessary to derive three different rates appropriate for the climatic conditions used in this evaluation.  

Table 7: Climate dependent conditions used to simulate accelerated aging (7 days per cycle). 

Tr 
(K) 

pg inside 
(bar) 

pg outside 
(bar) 

pwv, sat 
(bar) 

pwv, e 
(bar) 

pwv, in 
(bar) RH 

Cycle 1.1 296.15 0 1.01E+00 0.03 0.026686 0 0.95 
Cycle 1.2 343.15 9.56E-07 1.01E+00 0.0312 0.00156 9.56E-07 0.05 
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Table 8: Climate dependent conditions used to simulate extended service life. (182.25 days for winter cycle, 183 for summer 
cycle).  

Tr 
(K) 

pg inside 
(bar) 

pg outside 
(bar) 

pwv, sat 
(bar) 

pwv, e 
(bar) 

pwv, in 
(bar) RH 

Summer 296.15 0 1.01E+00 0.03 0.026686 0 0.95 
Winter 343.15 9.56E-07 1.01E+00 0.0312 0.00156 9.56E-07 0.05 

  

Tables 7 and 8 identify the climate dependent conditions which were utilized in solving the 
numeric model. Table 7 shows the typical values according to the accelerated aging test, to be compared 
with the measured results obtained by the NRC. The values here represent the initial cycle, as the pressure 
values inside the panel would increase with each cycle. The initial interior pressure for each cycle is the 
resulting interior pressure from the previous cycle.  

Table 8 identifies the input variables that were used in the calculation of the service life in a 
typical Canadian climate. These conditions were used to predict the service life over a period of 50 years. 
The cycles were divided into two seasons, representing summer and winter; therefore two cycles 
represent the duration of one year.  
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4.0 Results: Comparison of Excel Output to NRC Testing 

 Once these values were utilized in the calculation, the output results were represented graphically 
and compared to the measured results obtained by the NRC. Figure 32 below outlines the NRC’s results 
of normalized thermal resistances (also seen in Figure 30).  

 

Figure 32: Measured results provided by NRC of accelerated aging of 5 VIP products.(Mukhopadhyaya, 2011) 

Figure 33 shows the results of the calculations under the same climatic conditions used in the accelerated 
aging process. The materials are assumed as the actual material properties are unknown.  

 

Figure 33: Output Results from Excel calculation identifying six potential types of VIP materials. 
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When comparing the results in Figure 33 to those presented by the NRC, it can be observed the 
average metalized foil VIP (MF avg) follows a very similar trajectory to products 487-61, 482-171, and 
487-115. It also appears that MF low follows a similar trajectory to product 499-106. While these are 
assumptions based on the outcome results of the calculation, the likelihood of these being accurate 
representations are high as MF products are commonly used. Therefore, based on these results, it is 
estimated that the products being used by the NRC are a type of metalized foil VIP, although the specifics 
of their material properties cannot be determined from this prediction alone.  

Other observations which can be made from these normalized resistances is that the rate of 
change in thermal resistance among the metalized foil products varies greatly in comparison to the 
aluminum foil films, and they generally decrease in thermal resistance more quickly than the aluminum 
foils. This is likely because the aluminum foils tend to have lower gas and water vapour transmission 
rates. It may also be worth noting that the properties which were assumed to have better performance 
qualities do indeed decrease at a slower pace than the materials with properties that were assumed to 
generate a diminished performance.  

 

Figure34:  Output results from excel calculation demonstrated according to thermal resistance value RSI, for panels 0.02m thick. 

Figure 33 had identified the normalized results of thermal resistances in order to demonstrate the 
change in performance over time. However, Figure 34 shows that the normalized behaviour may not 
reflect the actual benefits of the different materials. This graphic identifies that the high performance 
materials of both AF and MF provide the highest thermal resistance values. This chart also identifies that 
the aluminum foils do generally provide a larger thermal resistance overall, although at a very small 
margin. This is likely because the core materials in each quality category produce the same initial thermal 
resistance with a small fluctuation to account for the linear thermal transmittance through the thermal 
bridging of the foil at the panel’s edges (the metalized foils are thicker, and therefore more conductive 
along panel edges).  
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While this graphic shows the diminishing thermal resistance values over the duration of the 
accelerated testing, none of the conductivity values exceed the limit of service life at 8.0 x 10-3 W/mK, 
with the highest conductivity attributed to the MF low VIP with a final conductivity after accelerated 
aging of 5.29 x 10-3 W/mK (14% increase from initial conductivity of 4.56x 10-3 W/mK). The best 
thermal resistance is attributed to the high quality AF VIP, with a final conductivity after accelerated 
aging of 4.17 x 10-3 W/mK, 0.22% less than its original conductivity. From these results, it can be 
determined that the thermal resistance performance of a material is dependent on the material properties 
of the VIP chosen, more so than the type of foil used as a barrier film, with initial conductivities ranging 
from 4.17x10-3 to 4.56x10-3 W/mK. This is a comparable range to the measured values obtained by the 
NRC (4.12x10-3- 4.66x10-3 W/mK). While the results generated by the model do not provide exact 
numerical representations of the VIPs used, they do confirm that the model is a viable tool to estimate the 
approximate performance of the panels over time.  

4.1 Service life prediction 

 According to the prevalent expectations of the Canadian construction industry, the minimum 
service life of a building envelope insulation material is 50 years (Mukhodphyaya, 2011). Thus, to 
accurately determine the viability of vacuum insulation for use in building applications, the calculation 
was utilized to predict the normal aging process within the Canadian environment. The results of this 
calculation can be seen in Figure 35 below.      

 

Figure 35: Output results of conductivity increase over 50 year time period. 

 Of the six different VIP types used in this calculation, only two are seen to remain below the 
limiting conductivity value, both the AF and MF high performance materials. The MF low quality 
material exceeds the limit after 2 years, the AF low and MF average materials after 5 and the average AF 
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material fails after 8 years. This graph exemplifies the information lacking within the VIP industry today. 
While it is possible for VIPs to be utilized within building applications, the suitability of the product is 
highly dependent on its material composition and fabrication processes. Therefore, it cannot be concluded 
that VIPs overall may be a revolutionary material in building design. Standards must be established 
within the industry to ensure that VIPs being utilized fall within the range of the high quality materials 
utilized in this study.  

The primary variables which defined the quality of these materials were the density of the core 
and the transmission rates of gas and water vapour through the film barrier (which can be controlled by 
improving the fabrication process of these films). The effect of these variables over time was plotted 
according to the increase in conductivity attributed to gas, water vapour and increase in moisture content 
to determine which had the largest influence on performance.  

 
Figure 36: Comparison of variables impacting conductivity increase in high quality aluminum foil.  

 
Figure 37: Comparison of variables impacting conductivity increase in average quality aluminum foil. 
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Figure 38: Comparison of variables impacting conductivity increase in lower quality aluminum foil. 

 

Figure 39: Comparison of variables impacting conductivity increase in higher quality metalized foil. 

 

Figure 40: Comparison of variables impacting conductivity increase in average quality metalized foil. 
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Figure 41: Comparison of variables impacting conductivity increase in lower quality metalized foil. 

Figures 36-41 identify the impact of aging variables on the overall predicted service life of the 
generic VIPs utilized in this study. They identify in all cases that the permeance of water vapour has the 
greatest impact, while the accumulation of moisture within the panel has the least. The impact of gas 
permeance varies depending on the quality of the proposed materials. It is also observed that the rate of 
conductivity change decreases exponentially over time. This is due to the pressure within the panels. As 
the internal pressure approaches equilibrium with the external pressure, the pressure difference decreases 
significantly, thus decreasing the rate of change in conductivity. While the study is thus not definitely 
conclusive in regard to suitability of service life, it is safe to assume that the further development of 
vacuum insulation as a building material is a viable source of technology innovations, as the acquired 
results produce a high performing insulation material.  

4.2 Potential for Future Research and Development 

 This study has only accounted for an individual scenario and is lacking information regarding the 
practical applications of VIPs. While some few have started to research how the panels’ work within a 
building assembly, the majority of conducted research is still being contained to exposed panels within a 
simulated aging laboratory. In real applications, the VIPs may be used in addition to other insulation 
materials. One of the advantages of VIPs is that they provide a higher R value per material thickness than 
conventional insulations, therefore can be used within wall assemblies with other materials to enhance 
their performance. For example, VIPs have a prime market within the renovation and energy conservation 
industries as they can be used to increase the performance of an existing assembly which already meets 
code requirements. Encapsulated VIPs are another form of VIP integration in buildings which can be 
explored in further depth. The VIPs are protected by an additional external layer of insulation. This can 
help in protecting the film barrier, reduces thermal bridging and could have an impact on how the existing 
material properties of the VIP could change (i.e. the gas and water vapour transmission rates could be 
altered by the use of additional materials). These kinds of investigations could prove useful in the further 
development of vacuum insulation panels to cater them towards building design.  

 At the present, VIPs are being investigated in the same form they have been used in their other 
industrial applications. The next primary concern with these materials in the building industry is creating 

0.00E+00

2.00E‐03

4.00E‐03

6.00E‐03

8.00E‐03

1.00E‐02

1.20E‐02

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

In
cr
e
as
e
 o
f 
co
n
d
u
ct
iv
it
y 
(W

/m
K
)

Duration (years)

Gas

WV

Water



 

- 61 - 
 

performance and prescriptive standards which can be used to ensure adequate performance in practical 
application. In the future, if VIPs do prove to be an invaluable building material, there is much room for 
development of different material properties, i.e. film and core enhancements. For example, if a vacuum 
can be maintained within the panel for longer periods of time, what are the possibilities for the use of 
organic materials over synthetic? What are the potentials for VIPs to work within prefabricated 
constructions? Questions like this could vastly change the conception of how VIPs are implemented 
within the building industry as a whole. The research and development of this product may still be in its 
infancy, but it should not be limited to the methods it has been utilized in other industries. Building 
applications provide different opportunities and should be explored accordingly.  
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5.0 Conclusion 

Through this analysis, it is evident that the thermal resistance of the vacuum insulation panels will 
reduce over time, based on a number of factors and variables. This is unavoidable as the system depends 
on an ideal barrier and seal system, where no absolute barrier and seal materials exist in reality. Therefore 
in order to determine the benefits of VIP use as insulation in building applications, the long-term 
performance of the material must be analysed. Calculations provide a useful insight in material 
performance as they can predict this future performance and negate the need to test a material for a long 
duration of time before determining its potential in building applications. 

The research and development regarding VIPs is still in its primary phases. The literature 
reviewed in this project covered most of the known and relevant findings regarding this material. These 
findings allowed for the development of generic material properties based on previously conducted 
experiments. This information was then used within a numeric model to validate accelerated aging 
experiments conducted by the NRC, in an attempt to identify unknown material properties. Upon 
evaluating the results, it was determined that VIPs have the potential to be used in building applications; 
however the development of standards in material fabrication and testing are required to ensure the 
quality of material produced is sufficient  for adequate performance. It may be that future development of 
VIPs should not be focused on the product as an individual panel, but should be reconceptualised to be 
integrated within building construction and utilized in conjunction with other materials which 
complement VIP performance.  
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Appendix A: Derivation of Input Values 

The following is a compilation of tables and figures which were utilized in developing the generic 
material properties for service life prediction.  

Table A.1: Porosity and Densities  

 

Table A.2: Density and Porosity 

 

Table A.3: The experimental results of 14 tested sample products. (Tseng, 2008) 
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Table A.4: Foil laminate properties (Brunner and Simmler, 2008) 

 

 
Figure A.1: Structure of two investigate laminates for the barrier envelopes with a total thickness of a) 
92µm and b) 108µm 
 
 

 

 

 

 



 

3 
 

Table A.5: Measured characteristics of various core materials 

 

Table A.6: Thermal conductivities of various core materials for VIPs.  
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Table A.7: Polymer based laminates used in the aging tests 

 

Table A.8: Air transmission rated for measurement and standard conditions 

 

Table A.9: Area and perimeter related transmission characteristics of VIPs with metalized polymer 
laminates. 23°C, 50% RH 

 

Table A.10: Permeation data used in the estimates of service lives, found at 23°C, 75% RH.  
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Table A.11: Perimeter and area related permeation data for barriers at 23°C, 50% RH.  

 

Table A.12: Laminate transmission rates according to manufacturer’s specification for tested laminates.  
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Figure A.2: Total air transmission rates divided by the circumference L recorded from the measured 
pressure increases for the VIPs in air-conditioned boxes.  

Table A.13: Rate of pressure increase at 25°C/14mbar  

 

Table A.14: Length-related air transmission rates for measurement of standard conditions 25°C, 14 mbar 
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Figure A.3: Total air transmission rate divided by circumference L determined at 23°C/15% RH 

Table A. 15: Air transmission rate determined by regression analysis at 23°C, 15%RH 

 

Table A.16: Air transmission rates determined by regression analysis at 23°C, 75% RH 

 

Table A.17: Influence of the relative humidity on the WVTR of a VIP envelope (Schwab, 2005) 
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Table A.17: Influence of the temperature on the GTR of a VIP envelope (Schwab, 2005) 

 

Figure A.4: Total air transmission rates divided by the perimeter L recorded from the measured pressure 
increases for the VIP in air-conditioned boxes. 

 

Figure A.5: Total water vapour transmission rate divided by the panel area determine for VIPs in air-
conditioned boxes.  
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Table A.18: Total water vapour transmission rates divided by panel area.  

 

 

Figure A.6: Total water vapour transmission rate divided by surface are for panels tested at 23°C, 75% 
RH 

Table A.19: Area and length related water vapour transmission rates at 23°C, 75%RH 
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Figure A.7: WVTR of five production batches of a product with two single metalized layers.  

 

Figure A.8: WVTR of six production batches of a product with one three metalized layers 
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Figure A.9: WVTR values measured before and after aging at 23°C, 85% RH 

 

Figure A.10: WVTR values measured before and after aging at 38°C 90%RH 
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Figure A.11 Total water vapour transmission rate divided by panel area  

Table A.20: Material properties and boundary conditions 

 

Table A.21: Thermal conductivity of envelope materials 
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Table A.22: Thermal and linear thermal conductivities (W/mK) of four main foil types for VIPs in 
function of panel thickness.  

 

Table A. 23: Properties of high barrier foils measures at 23°C, 50% RH.  

 

Table A. 24: Input parameters for VIP calculations (Wegger, 2010) 
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Table A.25: Measures parameters for hot box wall test. 

 

Table A.26: Foil transmission rates according to manufacturer’s specifications.  
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