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Vacuum Insulation Panels — Potentials, Challenges and Applications

U. Heinemann

Bavarian Center for Applied Energy Research (ZAE Bayern), Am Galgenberg 87, 97074 Wuerzburg, Germany
* Tel. +49 931 70564-355, Fax +49 931 70564-600, email: ulrich.heinemann@zae.uni-wuerzburg.de

Abstract:   
Vacuum insulation panels (VIP) have a thermal resistance about a factor of 10 higher than that of equally thick 
conventional polystyrene boards. Similar to thermos flasks these systems make use of ‘vacuum’ to suppress the heat 
transfer via gaseous conduction. While thermos flasks are to be pumped down to a high vacuum, filling material 
integrated in the flat VIP elements, which bears the atmospheric pressure load, reduces the requirements on the 
vacuum and thus on the tightness of the vacuum casing. Optimal in this respect is a kernel of fumed silica. This 
kernel is evacuated down to about 1 mbar and sealed in a high-barrier laminate, which consists of several layers of 
Al-coated polyethylene (PE) and polyethylene terephthalate (PET). The laminate is optimized for low air and moisture 
leakage rates and thus for a long service life. The evacuated silica kernel has a thermal conductivity of about 
0.004 W m-1K-1 at room temperature. The combination of kernels made of fumed silica and envelopes of metallized 
high barrier laminates yields products which also fulfill the extreme requirements on durability for building 
applications. Other filler materials that may be evacuated are optimized for the use in VIP: precipitated silica, organic 
foams made of Polystyrene or Polyurethane and glass fiber fillings. These may be advantageous with respect to 
weight, handling or even lower thermal conductivity down to below 0.002 W m-1K-1. The consequence of larger pores 
however is a higher sensitivity of the thermal conductivity on internal gas pressure, causing higher requirements on 
the tightness of the envelope or resulting in a higher degradation rate. Preferred applications for VIP with these filler 
materials are appliances, transport containers and cold chain packaging. A successful ‘‘self-trial’’ using VIP within a 
façade of the ZAE-building in Wuerzburg in 1999 was the starting point for new applications of evacuated insulations 
in the building sector [4]. 

Keywords:
Vacuum insulation panels (VIP), Heat transfer, Thermal conductivity, Thermal insulation, Vacuum super insulation. 

1. Introduction

Driven by a temperature gradient different physical 
mechanisms contribute to the total heat transfer: 
convection, related to the transport of gases or liquids,
thermal conductivity, the energy transfer between 
neighboring molecules in the solid, liquid or gaseous 
phase, and infra-red radiative heat transfer even in 
vacuum. First task of any thermal insulation material 
at room temperature is to suppress convection, the 
most efficient heat transfer mechanism. Second task 
is to attenuate radiative heat transfer. As the thermal 
conductivity of gases is much smaller than that of 
liquids and solids thermal insulation materials usually 
are highly porous. Optimization of air-filled thermal 
insulation materials balances between radiative heat 
transfer and thermal conductivity via the solid 
skeleton. Nevertheless the conductivity of the gas in 
the hollow spaces is the dominant heat transfer path. 
Thus further improvements are achieved 1.) by 
modification of the gas - heavy gases have a smaller 
conductivity than air - (PU-foam with closed cells), 2.) 
by reducing the size of the hollow spaces down to the 
mean free path of the gas molecules in the order of 
about 100 nm, so that the heat transfer of the gas 
molecules additionally effectively is hindered by 
numerous collisions with the solid structure (nano-
structured aerogels or fumed silica), or 3.) at the best 
by removing the gas by evacuation. Different to 

cylindrical vessels like thermos flasks in flat 
evacuated elements a filler material is necessary able 
to bear the external atmospheric pressure. The so
called vacuum insulation panels VIP thus in principle 
are composed by an envelope and a filler material. 

2. Potentials 

Different filler materials are optimized for the use in 
VIP: fibers, powders or foams. Fig 1 depicts the 
thermal conductivity as a function of N2 gas pressure
[3]. Despite relatively high thermal conductivity in the 
non-evacuated state the lowest thermal conductivity 
when evacuated is achieved for glass fibers, 
0.002 W m-1K-1. For fibers oriented perpendicular to 
the overall temperature gradient dot like contacts 
between single fibers yield a high thermal resistance. 
In the non-evacuated state these contacts are short-
cut by the gas. Foams are preferable if low weight is 
essential. The typical thermal conductivity is about 
0.006 to 0.007 W m-1K-1. Nano-structured silica with a
thermal conductivity of about 0.004 W m-1K-1 are least 
sensitive against pressure increase. Thus these fillers 
are preferred when high durability is required. 

Evacuated, load bearing materials in VIP may yield a 
thermal insulation performance up to a factor of 20
better than that of conventional non-evacuated 
insulation materials.

1
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Fig 1: Thermal conductivity of fibers, powders and 
foams as a function of gas (N2) pressure [3].

3. Challenges

Realizing the concept of VIP most challenging is to 
maintain the vacuum gas pressure on the required 
level. For fumed silica panels used in buildings an 
annual pressure increase of about 1 mbar/yr may be 
tolerable. For a typical panel sized 0.5 m², 2 cm 
thick, with a volume of 10 l, this rate corresponds to a 
tolerable -7 mbar l s-1, the leak rate of 
one single sealing ring used in high and ultra-high 
vacuum technique. Only metallic layers or an 
envelope made of glass fulfill the high requirements 
on low permeation rates. Getters and dryers 
integrated to the VIP may bind gases desorbing from 
the filler and/or penetrating through the envelope.
Assuming the same permeation rate for all 
components of air, beside water vapor, the noble gas 
Argon (1% in air) limits the potential of a getter to 
reduce requirements on the tightness of an envelope 
to a factor of 100. Argon cannot be bound. Due to a
high solubility water vapor permeation in plastic 
laminates is about a factor of 1000 higher compared 
to that of Nitrogen or Oxygen. However water vapor 
may be bound by chemical dryers (CaO, BaO) or  by 
physical sorption of the filler itself. As may be seen 
from Fig 1 for foams and glass fibers the transition 
from evacuated to non-evacuated state occurs at gas 
pressures two orders of magnitude lower than that for 
silica. Correspondingly higher the requirements on the 
tightness of the envelope are, if not a higher degra-
dation rate is acceptable for the specific application.

The second challenge is to avoid thermal bridging at 
the rim of a VIP, i.e. thermal bridging by the envelope, 
thermal bridging by the way panels are abutted and 
thermal bridging by the way VIP are integrated to the 
application. The overall extent of thermal bridging 
depends on the size of the panels and the thermal 
conductivity of adjacent layers. Even air in the gaps 
may be a significant thermal bridge. Critical in this 
aspect are laminates made of metallic foils. E.g. for 
panels sized 1 by 1 meter in the best case, when 
additional conventional thermal insulating layers are 
used, the overall heat transfer at least is increased by 
about 50% when a 8 micron layer of Aluminum is 
used in the envelope, by about 100% when a 200 

micron stainless steel envelope is used. For smaller 
panels thermal bridging is even more pronounced. 

Very specific to VIP and uncommon for a thermal 
insulation is the need for planning the size of the 
elements and a layout-drawing. Special care is 
essential when handling and assembling VIP. 
Puncture of the envelope will cause the loss of all the 
benefits gained by the vacuum. Thus for VIP the 
technical risk of degeneration in thermal performance 
is much larger compared to that of conventional 
insulation materials. 

4. Applications

Considering the same thermal resistance an 
insulation using VIP is more expensive and somewhat 
more challenging compared to a conventional 
solution. Thus VIP are applied when space is limited,
valuable or when a significant higher performance is 
aspired: Especially for refrigerators and freezers the 
external dimensions are limited to modular 
dimensions. An improvement of energetic efficiency 
by better insulation would reduce the internal useable 
space significantly. Even more pronounced is the 
benefit for small transport boxes with unpropitious 
ratio of external surface to internal volume, boxes e.g. 
for the transport of medicals, organs or other 
temperature sensitive goods. In new buildings but 
especially for refurbishment VIP may help to reduce 
the heating or cooling demand significantly by slim 
architecturally attractive solutions.
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VIP used in buildings
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Abstract:   
Energy efficient buildings rely very strongly on high insulation. To reach the passivhouse or Minergie-P standard the
average u-value of the building envelope has to be around 0.1 – 0.15 W/m2K. Most architects feel that their design 
possibilities are limited by thick insulations. So, they ask, that the industry is providing improved insulation materials 
with better lambda values. VIP can be an answer if the problems of durability and construction will be solved. 

Keywords:
Vacuum insulation panels, Minergie-P, roof terraces

1. Introduction

In Switzerland the Minergie-P label has been
established over the last ten years. After a period 
were only small houses have been built according to 
this label, now large firms and the public start to ask
for energy efficient and ecological buildings. The EU 
demands for NZEB (nearly zero energy buildings) by
the year 2020. 

2. Reducing the energy demand

Buildings with a high energy performance can be 
achieved by different strategies.  

Minimizing the heat losses
Most promising is to reduce the heating demand.
Important elements are the ratio of volume to surface 
and the orientation of the windows. So a good and 
continuous insulation of the envelope is essential. An
average u-value of approximately 0.1 W/m2K or 30 – 
35cm of standard mineral wool is needed. Thermal 
bridges have to be minimized. While this strategy is 
simple to adopt for new buildings, it often is difficult for 
remodels. Reasons are lack of space, changes of the 
appearance or generally esthetical problems.  

Maximizing the solar gains
The solar strategy is an opposite approach. Instead of 
reducing the heat losses, maximizing the solar gains 
(in the winter) becomes the priority. Large, south 
facing windows and surfaces which can be used for 
technical solar gains are needed. The insulation of the 
envelope becomes secondary. 

Technical solutions
Instead of using rather “passive” architectural 
principles, this strategy relies on improving the 

technical equipment. The efficiency of the 
components is important, but also the coordination 
and management of the technical system as a whole.

Obviously, in any energy efficient building the three
strategies are never used alone, but in combination.
The art of design is to find the right mixture.

Picture 1: Slender south façade with VIP around the 
windows. The balconies are shading the windows and 
solar collectors are integrated in the railings.

3. VIP applications

Since the 1930’s architects intended often to create
elegant cubes and imagined the wall as a skin or 
curtain. The wall should to be dematerialized and the 
window should not be set back, but lie on the outer 
surface. So long, horizontal windows on the surface 
became almost a brand of modernity.
The thick insulations which are required today for the 
building envelope are often causing problems in 
construction and design. So, in many situations VIP 
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can be an interesting solution to unite modern design 
and ecology.

Roof terrace 
In modern architecture continuous floors are preferred 
for esthetical and practical reasons. Terraces on the 
same level as the indoor space look wider, seem to 
be more ample and are an advantage for 
handicapped persons as well. 

Picture 2: Roof terrace with double layer VIP. The 
complete insulation amounts to 24cm rock wool, 4cm 
VIP and 3 – 6cm foam glass. 

Slender walls
Slender walls in combination with large windows look 
more elegant. The idea of a skin can be made visible.

Picture 3: Window frames are covered with custom 
sized VIP. The VIP is protected by a wooden box. 

Blinds
Exterior blinds are a necessity for energy efficient 
buildings to avoid overheating. For esthetic reasons, 
blinds are integrated in the façade and so producing a 
large energy leakage above the windows. 

Doors
The door is a large opening in the building envelope 
of about 2 m2. It always is constructed as a sandwich 
panel. For practical reasons it should be light weight 
and slim. 

Technical equipment in the façade
Especially in timber construction new technical 
equipment like ventilation or additional electrical 
wiring are integrated in the facade. Such leaks can be 
compensated by VIP. The retrofit system of the EMPA 
is based on VIP. a)

4. Technical aspects

In the world of construction and building some
aspects of VIP are discussed arbitrarily. The prize, the 
durability and the problems of the construction period 
are questioned. Even so VIP has very promising 
qualities, it still is used very seldomly.

Prize 
Compared to traditional mineral wool, VIP is 
nowadays roughly five times more expensive. But on 
the other hand, as a material it is also five times as 
efficient, so the high prize is not 

Durability
As there is not a long experience, the life span of VIP 
is unsure. My personal experience has a length of 
twelve years now. It seems, that in the building built 
twelve years ago all the panels are still working.

Picture 4: VIP protected by glass wool and by a timber 
panel. It can be replaced easily.

Construction
The process of construction is still a rough job with 
little supervision and coordination. The construction 
period is the main problem for using VIP. So, VIP has 
to be brought in the building as late as possible, as 
controlled as possible and has to be protected 
immediately. 

References  
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VIPs’ barriers 
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Abstract: This paper summarizes a PhD thesis (defended is December 2012) aiming at getting a better 
understanding of mass transfer phenomena across tight barriers of VIPs. One objective was to find physical models 
able to simulate the long term (more than 30 years) gas permeation through VIPs’ barriers in order to determine the 
resulting thermal behaviour of VIPs in service life conditions. This work lays on various experimental results, obtained 
by the IEA annex 39 partners or by EDF R&D. It includes aging tests in climatic chambers on full size panels and 
permeation tests carried out on barrier multilayer films only. For these last tests, the Technolox Deltaperm apparatus 
has been employed. In both cases, various climatic conditions (temperature, humidity and overall pressure) have 
been applied.  

Keywords: 
Vacuum insulation panels, gas transfer, barrier envelope, mass transfer modeling 

1. Introduction 
Most of the research carried out in the field of VIPs 
aims at reconciling thermal performance and durability 
[1]. Both are generally evaluated by accelerated aging 
tests in climatic rooms [2,3]. Various VIP 
configurations are compared at fixed temperature and 
relative humidity. But these results are generally not 
sufficient to get a clear understanding of the 
mechanisms of gas transfer through VIP barriers [4]. 
In order to get a more complete understanding of 
these phenomena, we have carried out gas transfer 
tests under new climatic conditions: fixed climatic 
conditions (temperature and relative humidity) but 
various total gas pressures. This paper describes the 
measurements, shows their results and gives some 
conclusions about the impact of gas pressure on 
apparent gas transfers through VIP barriers. 

2. Gas permeation in climatic rooms 
Aging tests in climatic rooms on full size panels seem 
to lead to the largest amount of information, providing 
some care is taken concerning samples and 
measurements. The contribution of the perimeter P
(which can be assimilated to the welded joint) and of 
the surfaces A (which can be assimilated to the 
barrier multilayer film) to the overall gas permeation 
can be separated provided various sizes of VIPs have 
been tested for a same configuration of panels and for 
the same climatic conditions. 
In addition, the separated contributions of dry air and 
water vapour in the overall gas transmission rate 
(GTR) can be identified, provided both internal 
pressure and mass gains are measured. The 
measured total mass gain is the sum of three 
contributions: by dry air, water vapour and adsorbed 
humidity. 
Combining the approach of separating perimeter and 
surfaces contributions, and the approach of 
separating dry air and water vapour, it is possible to 
get the surface and perimeter GTR for dry air and 
water vapour separately. Nevertheless, it requires i) 

an accurate measurement of the hygroscopic 
properties of the core material, ii) a relatively large 
number of samples (at least three) having sufficiently 
different P/A ratios, iii) a combined and accurate 
measurement of mass and pressure increase, and iv) 
a long aging duration. This kind of complete approach 
of aging tests does not really exists in the literature, 
but should lead to very interesting conclusions. At this 
time, these conclusions remain unknown. 

3. Manometric method (Deltaperm) 
Aging tests could be completed by permeance 
measurements carried out on barrier multilayer films 
only.  This is currently possible with a sufficient 
accuracy thanks to new pressure gauges which are 
able to measure a pressure between 0 and 1.3 mbar 
with an accuracy of 0.5 %. The Technolox company 
has developed an equipment using this kind of 
sensors called DeltaPerm, which is able to measure 
the permeance by a manometric method. When 
applied to VIP barrier multilayer films, DeltaPerm 
measurements can give the opportunity to compare 
the value obtained for the overall gas permeance to 
the value obtained in climatic rooms on full size VIPs. 
The Deltaperm originally developed for pure gas 
permeation test has been adapted to humid air 
permeation tests (see Figure 1), in order to measure 
the water vapour permeance in a humid air 
environment. 

  
Figure 1: Deltaperm in humid air configuration 

Even if not fully understood at the moment, up till now 
the permeances measured by DeltaPerm are at least 
three times lower than those identified in climatic 
rooms for identical barriers and climatic conditions.
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4. Reference model for gas permeation 
Short term experimental evaluations are carried out to 
determine physical characteristics which are used for 
the numerical simulation of the long term behaviour of 
VIPs integrated in insulation systems. The link 
between experimental and simulation results is crucial 
in this approach. The present reference model 
adapted to the simulation of gas transfers through the 
tight barriers of VIP is the so called dissolution and 
diffusion model. This model postulates that for gas i, 
the gas transmission rate 

iGTR  is the product of a 
permeance 

iΠ times the partial pressure difference 

ip∆ across the barrier: 
iii pGTR ∆Π= . This model has 

been initially developed to study gas transfers through 
polymeric films. It thus can be assumed that its 
validity can be extended to the case of the VIPs’ 
welded joint which is a polymeric medium, but its 
extension to multi-layer aluminized polymer films is 
not straightforward. The dissolution properties, mainly 
influenced by the polymeric layer, may probably be 
extended, but transfer properties, which are mainly 
influenced by the aluminum coating, may not. Indeed, 
the comparison between the results of this model and 
some aging experiments has shown contradictions 
[4]. It can be especially observed that the impact of 
moisture on the mass transfer rates is not correctly 
represented. Given these observations, it has been 
concluded that the efficiency of the dissolution 
diffusion model is questionable for the simulation of 
the long term behavior of VIP-based insulation 
systems.

5. New experimental conditions 
The aim being to develop a new model, taking into 
account the impact of the atmospheric gas 
composition on the transfer properties, the PhD thesis 
has studied the relevance of a mass flow equation 
which includes two potentials (partial and total 
pressures). This approach makes it necessary to 
study the impact of overall gas pressure on the mass 
transfer. New experimental conditions have been 
used for permeance measurements, at constant 
temperature and water vapour partial pressure but 
with different total gas pressure for both methods 
listed above: full size VIP aging in climatic rooms and 
Deltaperm measurements on barrier samples (see 
Figure 1). These conditions are listed in Table 1. 

Cond. T [°C] psat  
[mbar]

RH φ  
[%] 

pvap  
[mbar]

ptot  
[mbar]

Water vapour 
mol. concentr. 

Xvap  [%]
1 48 111.8 65 % 72.7 72.7 100 % 
2 48 111.8 65 % 72.7 240 30 %
3 48 111.8 65 % 72.7 1 000 7 % 
Table 1: Experimental conditions for measuring the 

influence of total pressure 
Two aspects are truly innovative in this experimental 
plan: the comparison of results from two independent 
methods, and the depressurized conditions with a gas 
mixture having varying dry air partial pressure. 
The barrier studied is a multilayer component 
containing two Al-coated PET films. It is represented 
on Figure 2. 

Figure 2: VIP barrier with two Al-coated PET films 
6. Results and discussions 

In figure 3, the surface water vapour permeance of 
the barrier measured by the full size VIP aging (red 
points) measurements and the one using the 
manometric method (blue points) are represented. 

Figure 3: Measured values of surface permeance to 
water vapour 

No significant impact of overall gas pressure could be 
observed for each method. However, tests in climatic 
rooms lead to measured permeances 2.5 higher than 
the Deltaperm ones, and this gap remains 
unexplained at the moment. 
Nevertheless, for practical reasons (mainly the 
shortening of the tests’ duration) all tests have been 
carried out in rather high temperature and humidity 
conditions, with a water vapour molar concentration
Xvap higher than 7%. It can be calculated that the 
potential impact of gas pressure can’t be significant at 
this relatively high Xvap. Other measurements at lower 
Xvap are planned, in order to see if the influence can 
be detected at lower temperature and humidity. 

7. Conclusions and outlook 
New experimental methods for the measurement of 
gas permeation through VIP barrier have been 
implemented, with a varying total pressure. The idea 
was to test alternative hypotheses for gas transfer 
modeling. No influence of the total pressure could be 
measured, but it has been shown a posteriori that 
climatic conditions and tests duration were not set to 
produce a significant effect. Indeed, in very wet 
conditions, moisture transfer dominates so much that 
the impact of gas pressure on air transfer can't be 
determined. Same tests should be carried out in dryer 
conditions and for longer periods to make a clear 
conclusion about this influence. This makes 
necessary to admit long test periods in future 
evaluations for VIP durability evaluation. 
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Abstract:   
The thermal losses on the edges of vacuum insulation panels (VIP) are influenced by the type of edge design (single- 
or multi-layered foils), the inorganic barrier material, the thickness of the barrier layers, the material in the joint 
between two panels (e.g. elastomeric foam), and the covering layers on the panels. Via numerical simulations for VIP 
of varying thickness the thermal bridge effects are determined for different influencing factors. Further investigation is 
carried out on alternative barrier materials such as SiO2 and stainless steel in multilayer films. The impact of the 
linear thermal transmittance on thermal resistance of panels of various sizes is calculated and equivalent thermal 
conductivity of the panels determined.

Keywords:
Vacuum insulation panels, thermal bridges, barrier layer, alternative barrier material, edge heat loss, linear thermal 
transmittance. 

1. Introduction

Aluminium laminated films (ultra-barrier films) and 
metallized plastic films (high-barrier films) are 
currently used as envelopes for VIP. Aluminium 
laminated films show very large thermal bridging 
effects on VIP edges, but low permeation rates, 
allowing the use of cheaper core materials, such as 
special mineral fibers even for long term applications 
(e.g. for VIP in buildings). Fig. 1 shows the 
remarkable differences for single- and multi-layered 
edge designs for VIP with varying thickness from 
20 mm to 40 mm when using aluminium as barrier 
material for both, metallized and laminated films.  

Fig 1: Comparison of the linear thermal transmittance 
for the single-layered and multi-layered edge designs 
for a metallized film and for an aluminium laminated 
film with 9 µm aluminium for VIP of 20 mm to 40 mm 
thickness. 

The use of aluminum as a barrier layer in multilayer 
films is common, because of the foolproofness of the 
material in sputtering and vacuum lamination. Almost 

all films used as envelopes for VIP rely on aluminum 
for barrier layer. Unfortunately the thermal 
conductivity of aluminum is 160 times higher than that 
of SiO2 and still about 11 times higher than that of 
stainless steel. By using stainless steel or inorganic 
substances with crystal structure (e.g. SiO2) instead of 
aluminum, a considerable reduction of the edge 
thermal bridges could be achieved even for thick 
inorganic barriers.

2. Influence factors on linear thermal trans-
mittance 

A lot of research work has been carried out during the 
last years to determine the influencing factors on 
linear thermal transmittance on VIP edges using 
numerical calculations and measurement, e.g. [1-4].
Focusing on constructions made of VIP in 
combination with other building materials, the linear 
thermal transmittance is not only depending on the 
thickness and the material of the barrier layer, the 
edge design and panel thickness. Influence factors 
from constructions are:

- Material used in the joints between two 
panels (e.g. pre-compressed gasket strips)  

- Cover layers on the panels, widely used to 
produce sandwich elements for easy use at 
construction sites (e.g. wood, plastics, metal)

- Components for mounting and fixing (e.g. 
glue, screws, mechanical fasteners etc.)

- Single- or double layer constructions 
(stacked VIP [4])

A large influence on overall panel heat loss is given 
by the size of the panels. Small panels have a 
remarkably lower thermal resistance and therefor a 
higher equivalent thermal conductivity. As an example 
how sensitively the system VIP is in combination with 
other materials, the influence of an insulating material 
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strip in between two panels is shown in Fig. 2. Even 
an inserted strip of insulating material leads to 
significantly higher values for linear thermal 
transmittance at the joint of two panels [2]. 

Fig 2: Influence of the gap width and the thermal 
conductivity of the gap filler material on linear thermal 
transmittance of a joint between two panels (20 mm 
panel thickness; single edge design)

3. Investigations on alternative barrier layers

Thermal bridges of the construction have a large 
impact on the overall thermal performance of an
insulating layer made from VIP, but they have no 
impact on reducing the equivalent thermal 
conductivity of the panels themselves as placed on 
the market. Biggest influence on linear thermal 
transmittance of the panel edge has the material used 
as inorganic barrier layer and it’s thickness in the 
multilayer foil. There have been some new 
developments on multilayer foils during the last few 
years. A huge effort has been taken to reduce the 
thickness of the aluminium layers by improving the 
sputtering and by preparing the plastic surfaces 
before metallization. The method of using organic-
modified-ceramics (ORMOCER) to prepare the plastic 
carrier materials is described in [5]. The result is an 
improvement in the permeation resistance without an 
increase in thickness of the barrier layers – or
alternatively - thinner barrier layers without change of 
permeation rates.  

Some research has been done on replacing 
aluminium as inorganic barrier material [2]. Especially 
for organic light emitting diodes (OLEDs) transparent 
foils with very low permeation rates are needed. SiO2
is used widely as inorganic barrier material. 
Unfortunately SiO2 is more sensitive to brittle failure
when folded tightly at VIP edges. An alternative for 
VIP envelopes could be the replacement of aluminium 
by stainless steel. Calculations for determining linear 
thermal transmittance values have been carried out 
(e.g. for research work in [2]) for 20 mm and 40 mm 
thick panels of both edge designs and for thermal 
conductivities reaching from 1,0 W/(m·K) (SiO2) to 
160 W/(m·K) (Aluminium).

4. Results and discussions

Fig. 3 shows that for metallized films, the linear 
thermal transmittance of the panel edge is not rising 
noteworthy for inorganic materials up to the thermal 
conductivity of approx. 20 W/(m·K). The predominant 
part of the edge heat loss is due to the plastic layers. 
Above 20 W/(m·K), the barrier layer’s influence rises.

Fig 3: linear thermal transmittance for 20 mm and 
40 mm thick panels with metallized films, depending 
on thermal conductivity of the barrier material.

5. Conclusions and outlook

VIP producers desperately wait for improvements and 
further developments in multilayer foils with low 
thermal bridging effects and high barrier properties. 
SiO2 and stainless steel based products have very 
low edge heat losses - if used properly - and could be 
an alternative, if the brittle failure resistance can be 
improved. Thermal bridging effects from constructive 
parts need to be considered when calculating thermal 
resistance values for building purposes. The impact 
on various panel sizes will be demonstrated at IVIS.
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Abstract:   
Future energy regulations will pose a real challenge in terms of building envelope energy performance and restriction 
of design freedom. This paper presents thermal modelling of a high performance curtain wall system. The objective is 
to discuss a solution integrating vacuum insulation panel (VIP) solutions in façades, the potential value of 
performance enhancements for slim envelopes and the influence of VIP thermal conductivity on the overall façade 
performance. The focus on high performance solutions and architectural expression is an integral part of the effort to 
ultimately offer freedom to develop geometrically expressive curtain walling for high performance buildings.
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1. Introduction

As building performance requirements call for higher 
levels of thermal insulation and the architecture trends 
evolve towards broken up elevation layouts whereby 
high performance is delivered through a combination 
of alternating vision area and insulated parts in a 
more or less randomised pattern across the elevation 
(Figure 1), traditional insulation methods reach their 
limits and alternative thin, high performance solutions 
become both necessary and desirable.

Fig 1: left: traditional façade, right: new trends in façade 
design, whereby more ‘non-vision area’ is introduced 
‘randomly’ to meet the higher energy performance 
requirements  

Integration of vacuum insulation panels (VIP) in 
curtain walling (CW) is an attractive solution to meet
the architectural needs. A robust product, which can 
be handled during assembly and installation is 
obtained by sealing the VIP within the cavity of an
insulating glazing unit (IGU). Offering customized 
finish and performance completes the attractiveness 
to architects. A cross-section of the Architectural 
Insulation Module (AIM) is illustrated in Figure 2.  

Fig 2: Cross-section of the edge of an Architectural 
Insulation Module (AIM), showing a Vacuum Insulation Panel 
(VIP) inserted in the cavity of an insulating glazing unit (IGU). 

Several extensive studies evaluate the best way to 
model VIPs and the evolution of their thermal 
conductivity with ageing [2]. However, integrating the 
VIP in a façade includes a protection (e.g. through 
encapsulation in IGUs) and installation systems (e.g. 
frames). Due to their higher conductivity, it is probable 
that these elements will influence or even dominate 
the heat transfer for the overall façade. The goal of 
this paper is therefore to investigate the sensitivity of 
the overall U-value for a façade when the thermal 
conductivity of the VIP inside the AIM changes.  

2. Design  

A state-of-the-art framing system for unitized CW was 
modelled. The CW units are 1,500mm x 4,000mm 
(WxH). The vision area consisted of 36mm double 
insulating glazing unit with a centre-of-glass thermal 
performance (Ug) of 1.4W/m²K. The spandrel area of 
the CW unit was insulated with AIMs, built up with 
8mm heat strengthened glass for the external face 
and 44.2 laminated glass for the internal face in order 
to cope with potential safety requirements and typical 
high rise building wind load (taken as 2.4kPa). The 
VIP thickness was chosen so that the overall 
thickness of the AIMs would correspond to a double 
IGU, in order to create a flush façade design without 
the need for adapter profiles. Therefore, an AIM 
containing a 20mm VIP for an overall thickness of 
36mm was combined with the IGU. The secondary 
seal is performed with silicone joints. Figure 3 
illustrates this AIM in the split transom of a 
representative framing system. Different 
vision/spandrel units were combined to form 
representations of façade layouts with different ratios 
of vision/opaque as illustrated in Figure 4.
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Fig 3: Illustration of the AIM in a split transom. Note the 
absence of adaptor piece in the frame thanks to the 
alignment of AIM and DGU thickness  

  
Fig 4: Schematic examples of elevations designed by 
combination of the vision/spandrel units. From left to right: 
classic elevation with 88% vision, 60% vision, 44% vision.

The classic elevation consisting of a spandrel strip 
layout has been modelled with 88% vision area. The 
next designs see the vision percentage decrease to 
60 and even 44%. The facade U-values were then 
compared to explore sensitivities to changes in 
glazing percentages and thermal conductivity. 
  
3. Modelling  

Curtain wall systems consist of component parts 
(framing, glazing, and infill panels) with different 
functions. The overall thermal transmittance (U-value)
of the façade depends on these components and on 
the detailing of the interfaces between them. Due to 
the interdependency of the heat transfer through the 
connected parts, it is not meaningful to define the 
required performance for separate parts. Instead, it is 
necessary to consider the CW system as a whole and 
assess the overall thermal performance, including 
frames, infill panels, and glazing, specifically for a 
given project.

The area weighting method was used to calculate the 
overall facade U-value. This method of calculation 
takes into account the individual U-value of a 
component and the corresponding transmission area. 
The following equation is used for the area weighting: 

U ç = (Eq.1)

Where:
Ui is the component U-value
Ai is the transmission area of the component  

Ai is the total transmission area

Simplifying assumptions are introduced in the VIP 
modelling as the focus of this study is not the VIP 
itself, but the VIP integrated in a façade. The VIP was 
modelled as a homogeneous core material with a 

thermal conductivity ( ) of 0.005W/mK (surrounded by 
a foil of 100µm thickness). This thermal conductivity 
was changed to 0.007W/mK (design value including 
ageing and edge effects) and 0.020W/mK (VIP after 
losing vacuum). The models were run for idealized 
VIP, without seams or differences in laminate 
thickness at the edges. No air gap is modelled 
between the facings of the AIM and the VIP. All U-
values were determined using LBNL software 
(THERM). 

4. Results and discussions

Table 1: U-façade obtained for state-of-the-art unitized frame 
system, double IGU, varying the thermal conductivity of the 
vacuum insulation panels in the AIM: initial, after ageing, and 
after loss of vacuum.

Ufaçade (W/m²K) for different façade designs

Vision 
area (%) 0.005W/mK 0.007W/mK 0.020W/mK

88 1.6 1.6 1.7

60 1.3 1.3 1.5

44 1.1 1.2 1.4
The obtained facade U-values show that the 
degradation of the thermal conductivity of the VIP 
from 0.005 to 0.007W/mK does not significantly 
impact on the overall facade thermal performance. 
Increases in U-façade are fairly limited. This can be 
explained by the fact that facade performance is 
dominated by the frame heat transfer. Due to the high 
conductivity of the frame in comparison with the 
insulation module, a slight change in its performance 
will not significantly influence the overall result. Once 
vacuum is lost, however, we observe a more 
substantial loss in performance of the façade.  

5. Conclusions and outlook
The results presented in this paper are based on a 
number of assumptions and serve to illustrate aspects 
pertaining to curtain wall detailing. The performance 
of the façade is mainly dominated by the vision area
percentage and frame detail whilst the change in 
thermal conductivity of the VIP has comparatively less
impact. Further work includes the study of the 
influence of non-idealized AIMs (presence of air gaps
and seams) on the overall façade thermal 
transmittance.
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VIP as Thermal Breaker for Interior Insulation System
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Abstract:
Building renovation is a major challenge in Europe with more than 200 million of existing buildings to renovate. 
Generally, ETICS (External Thermal Insulation Complex System) is claimed as being the most efficient system 
especially for tackling thermal bridges and keeping thermal inertia. Nevertheless, this system cannot be applied to 
some existing buildings, especially those having a façade with a high architectural character. In this communication, a 
slim thermal breaker (STB) integrating a VIP is presented. This thermal breaker is made of a VIP protected with PU 
foam and with plasterboard as a finishing. A mock-up has been built up in order to investigate the efficiency of the 
thermal breaker for partition wall. The experimental results and the simulation have shown that the use of this slim
thermal breaker(STB) yield a reduction of around 30% of the whole U-value whereas a reduction of 50% is obtained 
using ETICS. 

Keywords:
Vacuum Insulation Panels, Thermal Breaker, Retrofitting, Energy 

1. Introduction

In existing building, thermal bridges represent a 
significant share of heat losses in buildings. They 
account for about 40% of the whole U-value and they 
are the source of a lot of pathologies. To meet the 
requirement of the French Thermal Regulation, many 
thermal breakers have been developed for new 
buildings but technical solutions for existing buildings 
are missing whereas renovation is the great challenge 
to reduce energy consumption in the building sector.
In order to meet this requirement, a slim thermal 
breaker (STB) has been developed using a VIP panel. 

2. Description of the Slim Thermal Breaker (STB) 

The thermal breaker is made of a VIP protected on 
the hindered side by PU foam and on the visible side 
by plasterboard, in order to offer a traditional surface 
finishing. At the tip of the STB there a small gap 
between the VIP and the plaster board for fastening 
the STB to the ceiling. This gap can be also used to 
install lighting or for wiring.

Fig 1: Scheme of the slim thermal breaker (STB) 

The length and the thickness of the STB have been
defined by thermal modelling, carried out with the 
software HEAT 2D [1] according to the following 
geometry:
- Concrete Wall:  20 cm  = 2 W/m.K
- EPS insulation: 80 mm  = 32 mW/m.K
- VIP :                   20 mm  = 8 mW/m.K),

- Two STB are installed on both sides of the wall. The 
parametric analysis considered two cases: 
-STB made of EPS with a thickness from 10 to 80 mm
(thin lines in Figure 2)
-STB made of VIP with thicknesses of 10, 20 and 30 
mm (thick lines in Figure 2)
In the figure 2, the reduction of the heat loss is 
presented versus the type, the length and the 
thickness of the insulating materials. The computation 
shows that a VIP of 20 mm thick and 700 mm length
gives a reduction of about 60 %.  
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Figure 2: Optimisation of the length & thickness

An STB installed in a corner between a vertical wall 
and a concrete ceiling is presented in Figure3.

Figure 3: STB installed on-site – Thickness = 43 mm
3. Experimental Set-up.

VIP: 
PU: 

Plaster:
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The mock-up is made of one main wall and two 
partition walls made of concrete blocks. An insulating
wooden structure closes the volume. The indoor 
temperature is kept close to 30°C with and electrical 
heater whereas the external temperature was below 
zero, about -2°C during the test (Figure 4)

Figure 4: Mock-up for STB testing

In Figure 5, the IR image exhibits the role of the STB 
and gives a good approximation of the outside
temperature given by the “blue” steel pillar of the 
testing hall. The small black spots indicate the 
thermocouple positions and the black square (on the 
right of the “blue” pillar) is the reference surface for 
the IR camera.

4. Results and discussions

-4.0°C

10.0°C

-4

-2

0

2

4

6

8

10

without STBwith STB

Steel pillar from existing buiding

Figure 5: IR camera

The red vertical strip on the right, on the right of the 
“blue” steel pillar, corresponds to the wall without 
STB. 

Figure 6: Comparison Thermocouples vs Simulation

In Figure 6, the temperature profile from the 
thermocouples is compared to the simulation result
and the agreement is reasonable. The impact of STB, 
installed on both sides of the wall, is clearly shown.
The temperature profiles at the surface, either on the 
partition wall without STB or on the STB and the 
partition wall, are presented In Figure 7. The
temperature, at the tip of the STB is lower with STB. 
This effect results from the penetration of the outside 
low temperature which “flows” into the insulated wall 
with STB on both sides; as illustrated in the Figure 8
on the right. 

Figure 7: Temperature profiles at the surface of the 
partition wall, with & without STB.

Figure 8: Simulation with HEAT 2D

Finally, the reduction of the whole Uvalue of the wall 
thanks to the STB is of about 30 % compared to a
reduction of 50% with ETICS.

Table 1: U-value of the wall – STB vs ETICS  

Wall Without 
STB

STB 
one
side

STB
two 

sides
ETICS

Mean U-value 
W/m².K) 0.6 0.5 0.4 0.3

U % 0% 16% 29% 51%

5. Conclusions and outlook
A slim thermal breaker for indoor application has been 
tested. The heat loss reduction reaches around 60% 
of that obtained with ETICS. 
Acknowledgements
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Reference
[1] BLOCON – Software HEAT-2D

12



IVIS2013  
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, Empa, Switzerland

IVIS2013
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, EMPA, Switzerland 

Measurement of airborne sound transmission loss of a small-scale assembly containing 
vacuum insulated panels (VIPs)
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Abstract:   
This paper presents the measurement results of airborne sound transmission loss of three types of small-scale wall 
assemblies containing (1) vacuum insulation panels (VIPs), (2) extruded polystyrene (XPS) insulation board, and (3) 
glass fibre insulation. The specimens were all 2.44 m wide x 0.61 m high. The testing was conducted in accordance 
with ASTM Standard E90-09. For each assembly, this paper presents the one-third octave band transmission loss 
values and the ASTM single-number ratings, sound transmission class (STC) in accordance with ASTM Standard 
E413-04, and outdoor-indoor transmission class (OITC), determined in accordance with ASTM Standard E1332-10a.
The results from these tests show that the VIP assembly had lower Transmission Loss (TL) than the XPS only 
assembly in the mid-frequency range 315–630 Hz. On the other hand, the glass fibre assembly had lower TL than 
both others in the low-frequency range 80– 125 Hz, but substantially higher TL than the others between 125–3150 
Hz. This behaviour is typical of cavity walls with fibrous absorbers. Future work is required to identify VIP assembly 
designs that jointly achieve superior thermal and sound insulation performance.

Keywords:
Vacuum insulation panel (VIP), Sound transmission, Small-scale assembly.    

1. Introduction

Vacuum insulation panel (VIP) is widely recognized as 
an attractive technological option to insulate buildings 
and meet the enhanced energy efficiency 
requirements prescribed in the national and 
international building codes or green building 
regulations [1,2]. Researchers around the world are 
working on various issues related to the 
constructability, long-term performance and durability 
of VIPs in building construction. However, very little is 
known about acoustic performance of VIP insulated 
building envelope assemblies [3]. This paper presents 
experimental results of airborne sound transmission 
loss of three small-scale wall assemblies: one 
containing vacuum insulation panels (VIPs), and, for 
reference, two similar assemblies composed of 
traditional insulating materials.  
  
2. Construction of small-scale wall assemblies

The specimens were all 2.44 m wide x 0.61 m high 
and were fabricated as follows:
1.VIP assembly - A layer of 560 mm x 460 mm x 13 
mm thick Vacuum Insulated Panels1 (VIPs) 
sandwiched between two layers of 13 mm XPS rigid 
insulation boards, with one layer of 13 mm regular 
core gypsum board on one side and one layer of 12 
mm thick oriented strand board (OSB) on the other
(See Figures 1 & 2).  There were no framing 
members: all board products were attached with 
adhesive.

1 The measured thermal conductivity of this VIP was 
0.00339 W/(m.K). 

Fig 1: Construction of VIP assembly

Fig 2: Picture of VIP assembly in test frame

2.XPS assembly - Three layers of 13 mm XPS rigid 
insulation boards, with one layer of 13 mm regular 
core gypsum board on one side and one layer of 12 
mm thick OSB on the other.  There were no framing 
members and all the board products were attached 
with adhesive.
3.Glass Fibre Assembly – A 38 mm x 90 mm (nominal 
2” x 4”) wood frame with the cavity filled fully with 90 
mm (R-12) glass fibre insulation, having one layer of 
13 mm regular core gypsum board on one side, one 
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layer of 12 mm OSB on the other side.  The framing 
was only around the perimeter, and the boards were 
attached to the wood framing with screws every 305 
mm.

3. Test Facility

The acoustics test facility comprises two instrumented 
reverberation rooms with a moveable test frame 
between the two rooms.  In each room, a calibrated 
microphone with preamplifier is moved under 
computer control to nine positions, and 
measurements are made in both rooms using an 8-
channel data logging system.  Each room has four bi-
amped loudspeakers driven by separate amplifiers 
and noise sources.  To increase randomness of the 
sound field, there are fixed diffusing panels in each 
room.

4. Test Procedure & Analysis of Results

Airborne sound transmission measurements were 
conducted in accordance with the requirements of 
ASTM E90-09 [4].  Airborne sound transmission loss 
tests were performed in the forward and reverse 
directions.  Results presented in this paper are the 
average of the tests in these two directions.  In each 
case, sound transmission loss (TL) values were 
calculated from the average sound pressure levels of 
both the source and receiving rooms and the average 
reverberation times of the receiving room.   One-third 
octave band sound pressure levels were measured 
for 32 seconds at nine microphone positions in each 
room and then averaged to get the average sound 
pressure level in each room.  Five sound decays were 
averaged to get the reverberation time at each 
microphone position in the receiving room; these 
times were averaged to get the average reverberation 
times for the room.  
For each assembly, this paper also presents the one-
third octave band transmission loss values and the 
ASTM single-number ratings, Sound Transmission 
Class (STC) in accordance with ASTM E413-04 [5], 
and Outdoor Indoor Outdoor-Indoor Transmission 
Class (OITC), determined in accordance with ASTM 
E1332-10a [6].  It should be noted that due to the 
small specimen size, the OITC rating which considers 
TL values as low as 80 Hz may be unreliable.
     
5. Results and Discussion

The measurement results (Figure 3) show that the 
VIP assembly (STC 31, OITC 27) had lower TL than 
the XPS assembly (STC 33, OITC 30) in the mid-
frequency range 315–630 Hz.  By comparison, the 
Glass Fibre assembly (STC 42, OITC 31) had lower 
TL than both others in the low-frequency range (below 
125 Hz), but substantially higher TL than the others 
between 125–3150 Hz.   This behaviour is typical of 
cavity walls with fibrous absorbers.  The VIP 
assembly displays evidence of an undamped spring-
like behaviour, with a resonance in the mid-

frequencies, which generally leads to unfavourable 
acoustical behaviour.

Fig 3: Transmission loss for three assemblies.

6. Conclusions and outlook

Following conclusions can be made from the 
observations made in this study:
1. The preliminary small-scale study presented in 

this paper clearly indicates that acoustic 
response of VIP insulated wall assembly is 
distinctively different from similar wall assembly 
insulated with traditional fibrous insulation.

2. Future parametric studies are necessary on full-
scale wall assemblies to develop better 
understanding of the acoustic response of VIP 
insulated wall assembly.

3. Design details, specific to VIP insulated wall 
assemblies, should be developed to achieve 
desirable and superior sound and thermal 
transmission properties.
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Accelerated Ageing and Global Warming Potential of VIP Thermal Insulation  
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Abstract: 
The primary objective of this research was to define the theoretical base supporting measurements of accelerated testing and 
the connection between ageing and the service life of vacuum insulation panel (VIP). Arrhenius law of accelerated testing was 
used as a theoretical support to experimental testing.  
Differences between various thermal insulations, especially in relation to the environmental impact of densities and thermal 
conductivities, provided the impetus to perform an additional analytical study, aimed at independently comparing various 
thermal insulation materials according to their environmental impact in relation to the basic purpose of thermal insulation: 
effective protection against heat transmittance. The global warming potential (GWP) for different thermal insulations of 
external building envelope was therefore analyzed, showing that VIPs have surprisingly small environmental influence, 
primarily because of their extremely low thermal conductivity.   

Keywords:  
Arrhenius law, accelerated ageing test, vacuum insulation panel (VIP), carbon footprint, global warming potential 

1.   Introduction 
During service life period over years or decades, 
gases and moisture slowly and constantly penetrate 
into VIPs, primarily through an envelope of multilayer 
foils, thus increasing vapour pressure, resulting in 
higher thermal conductivity. The most important issue 
is to prevent air and moisture from entering from 
outside, which can happen due to mechanical 
damage or to an imperfect weld bonding the two 
halves of the outer foils. It should be born in mind that 
even a small amount of air entering a VIP has 
enormous effect in increasing its thermal conductivity 
[1], [2]. 

The experimental methods were oriented to 
evaluating the rate of degradation of VIPs, i.e., to 
determine the values of thermal conductivity as a 
function of thermal loads. By taking into account 
Arrhenius law of accelerated ageing, the ageing 
mechanism of VIPs was determined. Other loads, 
such as humidity and thermal cycling, can be used 
and their effect on the service life of VIPs can be 
assessed. However, it is believed that temperature 
loads have the primary impact on VIP failure and thus 
deserve detailed investigation.  

2.   Assesment of accelerating ageing tests 
In accordance with Arrhenius law, in order to 
determine the activation energy (Ea), i.e., the 
threshold energy required to produce a chemical 
reaction, at least two accelerated ageing testing 
procedures at two different temperatures are needed 
[3]. 

The main problems encountered in applying the 
recommended accelerated test procedure for VIPs 
are, firstly, the selection and application of suitable 
thermal loads and, secondly, to observe degradation 

over different periods of time [4]. Laboratory 
measurements and numerical analyses were carried 
out on VIPs exposed to stress under high temperature 
in a laboratory oven.  

Due to the non-reversible deformation of VIPs, over-
exposure to excessively high thermal loads must be 
avoided during the procedure of accelerated ageing, 
since they could cause thermal instability and 
disintegration of the material (mainly of multilayer 
protection foils). Since most films are unstable or 
could be permanently damaged above temperatures 
around 105°C to 110°C, the following accelerated 
ageing temperatures were selected: 100°C, 90°C, 
80°C, 70°C, and 60°C, with time exposures from half 
a day up to 3 months or, in some cases, even longer.  

Glass fibre and pyrogenic silica, as two types of core 
material, were compared and evaluated in terms of 
expected service life based on different specific 
needs, such as medium service life for domestic 
appliances and much longer for construction 
purposes. The assumption for service life span in this 
study was the time at which double the initial thermal 
conductivity of the VIP was reached (i.e., increase of 
thermal conductivity by 100 %). 

3.   Results and discussion of accelerating tests 
and determination of service life 
As a result of the research, it can be concluded that 
the thermal load to which the VIPs were exposed 
caused a degradation process that followed Arrhenius 
law. With the obtained results, the value of the 
activation energy for VIP products (Ea = 66 kJ/mol) 
can be determined. The value of activation energy is 
used to evaluate the behaviour of the VIP products 
exposed to different temperatures, by interpolation 
within the test temperature interval at which 
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accelerated ageing is performed or, more commonly, 
by extrapolation outside the test temperature interval.  

On the basis of assumptions, the service life is the 
time until the thermal conductivity value is double the 
initial value of the VIP. The results of the accelerated 
tests show that the thermal conductivity of a VIP 
exposed to constant ambient temperature (25 °C for 
indoor conditions) doubles, i.e., the thermal insulation 
property of  a VIP falls by 50 %, after a period of 26.2 
years and a thermal conduction value of 12 mW/(m K) 
is reached after 48.1 years. Based on these 
experiments it can be concluded that VIPs are a 
durable and high quality product, mainly in terms of 
maintaining an exceptional thermal insulation. 

4.   Carbon footprint of thermal insulation 
materials in building envelopes 
Differences among thermal insulation materials in 
their impact on the environment are mosty presented 
per unit of weight of the material itself, rather than as 
weight per unit of volume. Such a presentation 
circumvents the fact that the density and the thermal 
conductivity value are very different for these 
materials, which greatly affects the rate of global 
warming potential (GWP) caused by the installation of 
such thermal insulation in the building envelope. 

Environmental impact does not only have the GWP of 
a specific thermal insulation material, expressed in kg 
CO2-eq. per kilogram of insulation material, or its 
thickness, but is also strongly dependent on the 
density of different insulation materials, which varies 
from 15 kg/m

3
 to 400 kg/m

3
 and more (thus in a ratio 

of more than 1 : 26) and on the thermal transmittance 
of the insulation material ( value ranges from 4 
mW/(m · K) to 45 mW/(m · K) ), thus a ratio of more 
than 1 : 11.  
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Fig. 1: Global warming potential (GWP) of various 
thermal insulations for U-value of building envelope 
0.20 W/(m

2
 K) in units kg CO2 eq./m

2
. 

A comparison of the environmental impact of various 
insulation materials using Simapro software (SimaPro 

Analyst Indefinite, Ecoinvent v2, Product Ecology 
Consultants, PEC, The Netherlands) was performed. 
The GWP, also known as carbon footprint, of fifteen 
thermal insulations (U-value 0.2 W/(m

2
 K)) was 

calculated by the IPCC2001 GWP100a V1.02 method 
[5] (Fig. 1). 

The analysis and comparision of the GWP of various 
thermal insulations of an external building envelope 
showed that VIPs have a surprisingly small 
environmental impact, primarily because of their 
extremely low thermal conductivity (). 

Additionally, environmental neutrality, i.e., the time in 
which, because of the replacement of thermal 
insulation materials in the external building envelope, 
the carbon footprint equals the carbon footprint of 
heat losses in the heating season between a current 
averagely insulated external building envelope and a 
newly insulated building envelope with U = 0.20 
W/(m

2 
K) was evaluated. It was determined that 

environmental neutrality is achieved in extremely 
short periods. For most environmentally friendy 
thermal insulation it is achieved after 0.57 years of a 
heating season and for VIPs after 0.65 years, while 
the environmental neutrality of thermal insulations 
with a greater environmental impact is achieved in a 
maximum of 7.22 heating seasons. However, 
approximately 2/3 of all fifteen analysed thermal 
insulations are acieving the environmental neutrality 
before the end of the fourth heating season.  

5.   Conclusions and outlook 
It can be concluded that the environmental influences 
of thermal insulation materials, of which VIPs were 
shown to be very environmentally friendly, in 
comparison with other materials that are installed in 
an average building, are small. In addition, energy 
savings (i.e., a drastic reduction of heat losses), which 
the thermal insulation materials enable in each 
heating season after installation, crucially contribute to 
reducing the impact of buildings on the environment. 
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Interactions between barrier envelopes and core material for the prediction of the VIP 
service life  

Abstract:
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5. Conclusions and outlook
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NEST – A Holistic, Dynamic and Flexible Research Platform for Sustainable Construction  
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Transforming promising research results into market 
innovations is a difficult challenge for the construction 
sector. This is mainly due to the complex decision-
making process and the high investment risk of 
construction projects. The NEST project is addressing 
this challenge (www.empa.ch/nest). It will serve as 
Living Lab where all players – researchers, industry 
and users - meet and work together to foster 
innovation in the construction sector. 
NEST will is a flexible research and innovation 
platform for the development and evaluation of
sustain-able solutions for the built environment and for 
their transfer to practice - with the final goal to develop 
self-sufficient buildings. NEST is designed in such a 
way that a maximum of flexibility for the exchange of 
single components and the reconstruction of entire 
living units, offices or meeting spaces will be possible 
at any time. NEST will consist of a basic grid (“the 
backbone”), which provides the load-bearing structure 
of the building, access to services, media (electricity,
water, etc.), building management and control. The 
specifications and the design of the building will 
already take into account the climate changes 
expected for the coming decades. The fact that NEST 
is used as a guesthouse with a frequent change of 
tenants will facilitate this on-going transformation of 
the building. The living units will be clustered in 
subgroups with different degrees of flexibility 
depending on the topics that will be addressed by the 
respective subgroup. The work will not be limited to 
the building itself; in a holistic approach it will also 
include the interaction between the building and its 
users and the impact of the building on the 
environment. It is foreseen to open a competition 
among research and industry groups for the design of 
the subgroups and for projects addressing the related 
research topics.
Appropriate measures will be foreseen in order to 
allow researchers to install sensors, measurement 
and control systems and other equipment for 
monitoring of the on-going experiments in situ. It is 
important that the uniform conditions will allow 
quantitative comparisons in controlled but realistic 
environments.
The first wave of research and innovation units will 
include offices and living rooms. The main topics 
addressed by the office units are the creation of a 
flexible and adaptive working environment convey-ing 
changing forms of collaboration. Furthermore, 
minimizing the electricity consumption, paperless 
office, networking and collaborative working forms 
and optimized communication will be additional topics. 
The living units will focus on prefabrication, light 

weight construction and low energy/low CO2 
construction.

Visualizations of the NEST building after realization of 
first innovation units and at a later stage

An energy hub for the supply, conversion and storage 
of heat, cold and electricity will be implemented and 
tested within NEST. The supply side will include PV, 
thermal solar systems and waste heat. The demand 
side is reflected by offices and apartments with 
different load profiles. Conversion and storage will 
include batteries, fuel cells, sorption based storage 
systems, heat pumps, hydrogen and methane.
NEST is serving as a model for a neighborhood 
composed of single buildings with different energy 
demand profiles, namely offices, small apartments 
and single family houses. Furthermore, the size and 
character of the neighborhood will constantly change 
over time as in reality due to the dynamic nature of 
the NEST platform. Therefore, the design of the 
energy hub has to be flexible in order to be adaptable 
to changes in energy flow and to technologies used 
within the hub.  
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Application of Vacuum Insulation Panels (VIPs) on Refrigerators   
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Abstract:   
Vacuum insulation panels (VIPs) offer extremely high thermal resistances properties that can enhance the energy 
efficiency of the insulating systems and provide savings in energy consumption. They are generally made with porous 
core materials wrapped, under vacuum, in airtight films. In the construction of VIP, core materials play a crucial role in 
thermal performance and mechanical properties of the insulation system. Core materials with higher porosity and 
smaller pore size have greater ability to maintain lower thermal conductivity. The main objective of this study is to 
investigate the application of VIPs on cold appliances such as refrigerators.

Keywords:
Vacuum insulation panels, refrigerator, thermal conductivity, energy saving.  

1. Introduction

Insulation is one of the most important components of 
every refrigerating appliance. Conventional closed cell 
polyurethane foam is the most widely used insulating 
material in refrigerators and freezers (R/Fs). However, 
increasing ecological concerns and new energy 
regulations are forcing the refrigeration appliance 
manufacturers to develop appliances with reduced 
energy consumption. Since effective thermal 
insulation can reduce energy consumption rates 
dramatically in many areas, there is a need to develop 
materials with enhanced thermal insulation 
characteristics. Vacuum insulation panel (VIP) 
technology seems to be one of the most promising 
solutions for the achievement of reduced energy 
consumption. Evacuated insulation enables a VIP to 
have approximately 5 times higher thermal resistance 
than the conventional insulators [1]. According to the 
literature and the work done at Arcelik R&D Center,
the R/Fs can save energy of 10-30 % and enlarge the 
effective volume by 20-30% by using VIP technology 
[2,3]. Therefore, replacing the traditional insulation 
materials with VIP provides better insulation, which 
allows energy savings without increasing the 
insulation thickness. Moreover, it has been observed 
that vacuum panels are also used in ultra-low 
temperature freezer and transportation boxes 
applications. 
As illustrated in Figure 1, VIPs are made by placing a 
core insulation material and a gas/moisture absorber 
inside of an ultra-high barrier film and evacuating the 
air from inside of the panel. The core material imparts 
mechanical strength and thermal insulating capacity 
by preventing the free flow of the gas/air molecules 
thereby reducing the ability of heat transfer through air 
conduction. Furthermore, the gas barrier/facer foil 
provides the air and vapour-tight enclosure for the 
core material. The getter/desiccant is added inside the 
core material to adsorb residual or permeating 
atmospheric gases or water vapor in the VIP 
enclosure. 

Fig 1: A picture of VIP and its parts  

There is a big potential for VIP technology which can 
directly contribute in the reduction of energy 
consumption in cold appliances. For instance, a 
recent survey shows that more than 40 % of the total 
energy consumption in the European Community is 
made in buildings [1,4] and the refrigerating 
appliances are one of the biggest power consumer in 
many households. A typical old refrigerator may use 
900 kWh/year. Refrigerators and freezers (R/Fs) 
typically make up over 20% of total residential 
electricity consumption. For instance, European 
Commission estimated that the total stock of 
household refrigerating appliances of 307 million units 
was responsible for 122 billion kWh annual electricity 
consumption in 2005 in the European Union (EU-27), 
corresponding to 56 Mt CO2 equivalent [C(2010) 6481 
final]. According to a preparatory study, in 
refrigerating appliances, each year 60 billion kWh 
could be saved (after replacing old cold appliances 
with new energy efficient ones), which is production of 
about 6 nuclear power plants [5]. Needless to say, 
high performance thermal insulation is increasingly 
required to reduce energy consumption and/or to save 
valuable space. Therefore, reduction of energy 
consumption in house and refrigerators will also have 
a big impact on reduction of green house emissions 
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and will contribute to efficient utilization of energy 
resources. 
Increasing ecological concerns and new energy 
regulations are forcing the refrigeration appliance 
manufacturers to develop appliances with reduced 
energy consumption. For example, EU Directive
92/75/EC established a set of energy efficiency 
classes from A to G (A being the most energy 
efficient, G the least efficient). To keep up with 
advances in energy efficiency, A+, A++ and A+++ 
were later introduced for refrigeration products. While 
A++ refrigerator uses 120 kWh/year, a comparable 
appliance of energy class B consumes with 300 
kWh/year. Using the latest GfK-data from EU 
countries, the projection of market share of European 
cold domestic appliances by efficiency category was 
plotted in Figure 2. As shown in Figure 2, the market 
share of cold appliances with VIP usage (A+, A++ and 
A+++) has a potential to increase sharply and in the 
future VIP would be used in almost all cold appliances 
if cheaper VIP could be produced. 

Fig 2: Projection of market share of European 
domestic appliances by efficiency category.

There are more than 300 million household cold 
appliances in European Union (EU-25) and according 
to the GfK-data from 21 European countries 
approximately 18 million are sold each year. The 
market for VIP technology will be huge and 
quantitative estimations on expected market uptake of 
the VIP technology is given in Table 1. 

Table 1: Quantitative estimations on expected cold 
appliances market of the VIP technology in Europe

Refrigerator
& 

Freezers

Expected Sales values [Million Euro] of 
VIP in Refrigerators and Freezers

Energy Level 2012 2013 2014 2015
A+++ 36 126 316 660
A++ 414 774 1044 972
A+ 990 900 540 468

Total 
(million €)

1440 1800 1900 2100

As it can be seen from Table 1, while the VIP sales 
were approximately 1440 million Euros in 2012 for 

R/Fs in EU, it is estimated that there is a potential to 
be more than 2000 million Euros by 2015 just for 
refrigerators and freezers industry. As soon as all 
older cold appliances in households were replaced by 
higher energy level products (with VIP technology), it 
is believed that the given numbers would be 4-6 times 
larger. 

2. Experimental Studies

In Arçelik R&D Center, a large number of refrigerator
and freezer units with different types of VIPs have
been tested. For instance, one of the VIP applications 
was on the B586 Freezer which has a total of 250 lt 
volume. The thermal conductivity of VIPs was around
5.0 mW/m.K. Furthermore, the application of VIPs on 
the freezer is shown in the Figure 3. 

Fig 3: The application of VIPs on the B586 Freezer.  

The dimensions and total amount of VIPs used are 
given in Table 2.

Table 2: Dimensions of VIPs used in B586 Freezer

As shown in Table 3, after VIP application 
approximately 26% energy saving was achieved. 
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Table 3: Energy consumption and RHL test results

Without VIP With VIP Applications

Similar studies were also performed for a regular 
home refrigerator which has approximately 400 lt of 
fresh food volume and 95 lt of freezer volume. In this 
case, VIPs with thermal conductivity of 4.5 mW/m.K 
were used. The total amount of VIP used was 2.5 m2.

Table 4: Energy consumption and RHL test results

Without 
VIP

With VIP 
Applications

Inside 
Temperature (oC) 5.2 5.2
Outside 
Temperature(oC) 25.2 25.2
Temperature 
Difference 20 20
Cabinet UA
(W/K) 1.67 1.16
Total Power 
Consumption (W) 33.3 23.2

3. Conclusions and outlook

VIPs provide excellent thermal resistance properties 
that can enhance the energy efficiency of the 
insulating systems and provide savings in energy 
consumptions. An optimized combination of VIPs with 
other energy efficient technologies can allow the 
appliance manufacturers to create cost-effective 
solutions that meet the growing pressure from energy 
legislators through improving, increasingly stringent 
energy requirements. Besides the economic benefit, 
the refrigerators with VIP are lighter and smaller. R/Fs 
require light and thin doors, so using VIP is both 
technologically and economically meaningful. 

Potential impact of VIP for refrigerating appliances is 
very high. Considerable reduction of costs will boost 
the application of VIP in cold appliances with high 
energy level such as A+++, A++ and A+. As a result 
of this, there will be more energy savings and it will 
enable developing cold appliances with much higher 
energy efficient classes. As explained earlier, there 
are more than 300 million household cold appliances 
in European Union (EU-25) and according to the GfK-

data from 21 European countries, approximately 18 
million are sold each year. As it can be seen from 
Table 5, total of 372 million Euros (1.9 billion kWh) 
can be saved just in 2013 by using high energy level 
refrigerating appliances. Furthermore, as soon as all 
older cold appliances in households are replaced by 
A++ appliances (after about 15 years), their total 
energy consumption would be about 60% lower than 
today which means each year 60 billion kWh could be 
saved, which is the equivalent production of about 6 
nuclear power plants [5].

Table 5. Economical and environmental impact of VIP 
in the refrigerating appliances.

Energy 
Level

Estimated 
Sales 
Units in 
2013 
[Million 
units] (in 
Europe)

Savings 
kWh/yr 
(from 
1unit)

Estimated 
Total 
Savings in 
2013 
[million 
Euros]      
(electricity 
cost ≈ 
0.20€/kWh)

CO2
savings
kg/yr
(from 
1unit)

A+++ 1.26 191 48.13 140
A++ 7.74 128 198.14 100
A+ 9.00 70 126.00 60
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Abstract:   
With respect to the continuous trend of reduction in energy consumption vacuum insulation panels (VIP) find an 
increasing application in freezing and cold storage rooms of supermarkets as well as in refrigerators. This implies the
investigation of VIP behaviour subject to conditions different from those encountered in building application. 
The present contribution deals with the evolution of the internal pressure of VIPs subjected to low and freezing 
temperature for a period of 5 years confirming the prediction made earlier on its linear increase 0.6 mbar/year in the 
refrigerator room and 0.10 to 0.26 mbar/year in freezer room depending on the VIP type. 
This is a clear indication that the aging process decelerates compared to the standard test condition of VIP due to the 
low temperature condition. 
Further, a refrigerator with different VIP configuration was analysed with respect to their energy performance by 
means of thermal bridge analysis and possibilities to reduce them. 
   

Keywords:
vacuum insulation panel, pressure increase, aging, floor insulation, low and freezing temperature
  

1. Introduction

Since the introduction of VIP into the building market 
at the turn of the millennium, the question of aging 
and relevant parameter hereof have been addressed 
by different authors [1-3]. An elaborate report was 
published by Heinemann on a large number of VIP 
containing buildings [4] regarding the question of early 
degradation and showed, that there are no changes of 
the failure rate values in almost all cases for a period 
of three years. 
Studies on the deterioration on the laminate had been 
carried out by the authors for the high temperature 
and high moisture load [5,6].  Assumptions of slow 
degradation processes in the core material needing 
long term monitoring (several years) have also been 
reported [3].  

An increasing application of VIP in freezing and cold 
storage rooms in supermarkets, enabling a more 
flexible sizing, placing and rearrangement illustrate 
the need for information on the influence of cooler 
temperatures on aging relevant parameters.  A similar 
lack of information (in open literature) has been 
detected regarding energy consumption of VIP 
containing refrigerators. 

2. Experimental 

A project for the instrumentation of a cooling / freezing 
rooms was established on the Empa campus, in the 
basement of a new office building. Construction plans 

for a combined cooling / freezing chamber with 
partition wall could be changed to include a full VIP 
floor insulation of both the cold (5 °C) and the freezing 
(-20 °C) section of the double chamber (figure 5). The 
thickness of the VIP layers was 25 mm in the cooling 
and 2 x 20 mm (double layer) in the freezing section, 
and the area about 9 m2 each. Further details 
including first year results had already been presented 
at IVIS2007 including vertical section through the floor 
[7] 

  

Fig 1: Front view of the near zero energy office 
building (upper left), the highlighted position of fridge 
and freezing room in the basement adjacent to the 
restaurant kitchen (right) 
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Fig 2: Layout of the VIP’s in the refrigerating (single 
layer) and in the freezing room (double layer). 
Temperature and humidity sensor are labeled with T 
and H. Panels with integrated pressure sensor are 
highlighted in green (or light gray in b&w). Numbers in 
circle had been from the dimensional planning. Cold 
storage room CR, Freezer room FR.

Fig. 3: Principle of the in-situ measurement of the 
internal pressure (technique va-q-perm , developed by
VIP producer va-Q-tec, Würzburg, Germany [8,9]). 

3. Results 
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Fig. 4: Average temperature in the freezing room and 
cold storage room respectively during the period 1 
September, 2007 to 31 August, 2008

The every 12 minutes logged data in Fig.4 showed 
late Dec. 2007 a jump up, that did not occur a year 
later on next X-mas.

Fig. 5: In-situ measured internal pressure of VIP floor 
insulation in the cooling / freezing room. The dotted 
lines indicate the respective linear trends.

According to [9] a measurement range between 0.02 
and 10 mbar can be covered with this fleece type.
Here the data between 0.2 and 4 mbar well on the 
linear trend. Values above are less well on the line, 
and artifacts from the method and not real internal 
pressure is likely the causation for this.   

4. Fridge – house hold sized Refrigerator/Freezer

Fig. 6: 2D-Thermal simulation of VIP in a freezer door. 

5. Discussions
Conclusions from former IVIS2007 with 25-year-
extrapolation in such col
0.5·10-3 W/(m K) will have to be check in a future 
project in respect the first result of several years in a
real roof applications [3] where the 8 year value of 
6.6·10-3 W/(m K) is a hint to a moisture influence 

and one 
side only cold condition this effect could be small 
should to be investigated in (a) future project(s).
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Thermal conductivity measured at center of panel – that is only half the truth !

Hans-Frieder Eberhardt

Porextherm Dämmstoffe GmbH, Heisinger Straße 8 / 10, D-87437 Kempten (Allgäu), Germany
Tel.: +49 (0) 831 / 57 53 61 26  Fax: +49 (0) 831 / 57 53 63 00

E-Mail: Hans-Frieder.Eberhardt@Porextherm.com

Abstract:   
The lifetime and performance of Vacuum Insulation Panels (VIP) depends upon the ability of the barrier film or 
envelope material to maintain a defined vacuum level during lifetime. The major criteria in the selection of the 
appropriate barrier material for a particular VIP application is the compromise between the permeability of the barrier 
material itself, its cost and its thermal edge performance effects. Thermal edge effects result from relatively high 
thermal transport region in the barrier material around the vacuum panel. This occurs to some extent with any barrier 
composition and thickness. The effective thermal conductivity of a vacuum panel is always greater than the value 
measured at the center of the panel. The “center-of-panel” (COP) value is the thermal conductivity value that is often 
and usually reported by VIP manufacturers and suppliers since it is much easier to measure than effective thermal 
conductivity. However, the effective conductivity is what describes the actual and real performance of the VIP in the 
final application. For that reason: the COP thermal conductivity value is only half the truth !
Besides all the high insulation performance discussions the aspect of sustainability of the insulation products to get 
the energy saving thinking and raw material and energy input in the right balance concerning environmental aspects 
has to be considered. Eco-balance or environmental product declaration (EPD) are examples of the scientific 
examination of environmental factors such as Global Warming Impact (GWP) or Ozone Depletion Potential (ODP).

Keywords:
Vacuum insulation panels, thermal edge effect, effective thermal conductivity eff, linear heat transmittance ,
environmental product declaration (EPD)

1. Introduction

Thermal edge effects, also known as thermal shunting 
or thermal short-circuiting, arise because the thermal 
performance of the vacuum insulation panel inserts 
are very high as compared to the dense barrier
materials.
This thermal edge effect is schematically illustrated 
below.

Tcold

Thot
Fig 1: The graph indicates the relative magnitude of 
the heat or energy flow by size of the flux arrows. 
Thus the flux at the panel’s center point is the lowest 
which implies that the VIP thermal performance is the 
highest at the center.

In general, the barrier materials of VIP can be 
selected from either plastics, metallized plastics, 
metal foil / plastic composites produced by lamination 
or welded metal foils.
In most cases the barrier film structure is typically 
multilayer produced by lamination in order to impart a 
range of functionality (water and gas permeability, 
heat sealing, mechanical properties, etc.) to the 

laminate. For barriers using metal foil, aluminum foil is 
the metal of choice because of its ductility, availability 
and cost. However, aluminum has a very high thermal 
conductivity. In fact, the thermal conductivity of 
aluminum is approximately 1,000 times greater than 
that of common plastics used in barriers and 20,000 
to 100,000 times greater than that of typical VIP core 
materials. [1]

2. Thermal conductivity COP vs. pressure

Caused by different structures and pore sizes the VIP 
insert materials show among each other a total varied 
behavior regarding the relation of thermal conductivity 

COP versus pressure.
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inserts. [2]
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To be able to guarantee an increase of inner pressure 
of a VIP which does not effect in a dramatic increase 
of thermal conductivity COP you have to choose the 
right barrier material for each used insert material. In 
view of Fig. 2 for fumed silica it is possible to use 
metallized laminated films because of the good-
natured behavior of thermal conductivity vs. pressure
whereas for the foam and fiber material you have to 
use aluminum foils.

3. Influence of barrier film on effective thermal 
conductivity eff

The effective thermal conductivity eff is calculated
with the following equation [3]: 

= + = + × ×

where
PVIP = perimeter of VIP
AVIP = area of VIP
d = thickness of VIP

 = linear thermal transmittance

The influence of linear thermal transmittance on 
thermal conductivity of VIP is calculated for a VIP type 
with two sealed seams on the surface of the VIP.

Fig. 3: The picture shows a schematic design of the 
considered VIP.

Caused by the VIP design the linear thermal 
transmittance values for the short and the long edges
of the VIP are different. For a VIP with a fumed silica 
core and a metallized laminated film with total 240 nm 
aluminum the -values are 0.00796 W/(m×K) (short 
edge) and 0.00520 W/(m×K) (long edge). Considering 
a VIP with a fiber core material and an aluminum film 
(4 µm Al) the -values are 0.04434 W/(m×K) (short 
edge) and 0.03613 W/(m×K) (long edge). [4]

Table 1: Calculated effective thermal conductivity for 
different VIP dimensions with thickness t = 20 mm

Fumed Silica 3.3 3.6 9.1
Fiber 2.5 4.3 72
Fumed Silica 3.3 3.7 12
Fiber 2.5 5.3 112
Fumed Silica 3.3 4.4 33
Fiber 2.5 9.6 284

eff

[mW/(m×K)]
Increase

[%]

1700 × 560

820 × 420

390 × 150

VIP Dimensions
[mm]

VIP Core
Material

COP

[mW/(m×K)]

4. Results and discussions

The results of effective thermal conductivity shown in 
table 1 explain impressively why considering for 
vacuum insulation panels only the thermal 
conductivity value in the center-of-panel is only half 
the truth. It is very important to know for the user 
which kind of barrier envelope is used for the vacuum 
insulation panel.

Especially in case of aluminum foil is employed for 
VIPs, the edge effect caused by the total thickness of 
aluminum changes the thermal conductivity value of 
the heat insulation product tremendously.

For that reason it is absolutely necessary to consider 
for each vacuum insulation panel the increase of 
thermal conductivity by thermal edge effect of barrier 
material.

This cognition has to be integrated in standards for 
vacuum insulation panels prepared in the future. 
Actually the CEN / TC 88 / WG 11 and ISO / TC 163 / 
WG 5 are working on standards for VIP and VISE 
(Vacuum Insulated Sandwich Element) for building 
and construction applications. It is broad agreement of 
the members of the mentioned working groups that 
the thermal edge effect and its influence on resulting 
thermal conductivity have to be considered.

The important information for the user with view on its 
insulation application is at the end of the day the 
effective thermal conductivity respectively the U-value 
calculated by dividing the effective thermal 
conductivity value by the thickness value of VIP.

5. Conclusions and outlook

Besides the discussion about all the right declaration 
of thermal insulation properties the sustainability of 
heat insulation products will become more and more 
important. For insulation products in building and 
construction industry environmental product 
declarations (EPD) according to ISO 14025 and EN 
15804 are already prepared and published.
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Development and applications of VIP using fiber based core material

S. M. Jung*, M. Lee, E. J. Kim,

Inorganic Material Lab.  LG Hausys R&D, 533 Hogedong, Anyang city, Gyeonggi-do, Korea
* Corresponding author, +82-31-4504414, jungsm@lghausys.com

Abstract:
Two routes of heat fluxes, (1) Center of panel, (2) Edge of envelope were scrutinized carefully to minimize the overall 
thermal transmission in the viewpoint of material technology for VIP. Effective thermal conductivity could be improved 
by controlling fiber geometry as well as orientation of glass fiber in core material. Furthermore, thermal edge effect as 
well as long term stability could be minimized by the advanced design of multilayered barrier film of the VIP 
envelopes.

Keywords: Glass fiber, core material, Effective thermal conductivity, Thermal edge effect

1. Introduction

As the world has become seriously concerned on the 
energy saving issues in these days, laws and 
regulations related to energy efficiency are becoming 
strict and thus thermal insulation materials with higher 
efficiency are demanded in many industrial fields such 
as home appliance, construction and automobiles. 

Especially, reduction of energy consumption is a 
crucial marketing point among the refrigerator 
manufacture since customers are carefully interested 
in the electric bills. 

Therefore, manufacturers are competing for the quick 
release of a new generation of refrigerator with higher 
energy efficiency achieved by novel mechanical 
design and new insulation materials, i.e. vacuum 
insulation panels (VIP).  

VIP is undoubtedly the most efficient insulation 
material having 8~10 times higher efficiency than
homogeneous insulators like bulky glass wool, EPS, 
polyurethane foam [1-2]. 

There are many issues causing keen competition in 
VIP business, including performance, price, etc. and it 
is no exaggeration to say that selection of proper 
material of VIP component is the main key to give 
solution on all those issues in engineering aspect.

In this paper, I’d like to talk about why we chose glass 
fiber and aluminum-coated film as core material and 
envelop in our VIP product, respectively and how we 
made efforts to overcome their inherent handicaps 
and thus improve the performance of the VIP.

2. Effective thermal conductivity 

There are two routes of heat flux that can be divided 
into in the conventional structure of VIP: (1) Center of 

panel, (2) Edge of envelope (linear thermal 
transmittance conductivity) and the effective thermal 
conductivity of VIP considering these is expressed 
below as sum of these two terms [3]. 

eff= cop + (d) x d x p/A  (1)

where cop is center-of-panel, d is the thickness of the 
VIP (in the heat flux direction) (m), A is the surface 
area of the VIP (perpendicular to the heat flux 
direction) m2 and p is the perimeter of the surface A
(m)

2-1. Improvement of cop

cop mostly depends on the type of core material. In 
the case of glass fiber, details such as diameter, 
length and orientation of fiber should be considered 
as a variable of cop

As shown in Fig.1, the cop is disproportional to the 
diameter of the fibers on both fiber-fabrication method, 
centrifugal and melt spinning. The fiber diameter 
>9 m shows lower cop value than the fiber diameter 
<6 m.

This result indicates that the improved arrangement to 
the perpendicular to heat flux direction is achieved 
due to the high length of fiber and this is more 
effective structure to induce the low cop, at least 
within the range of the diameter below 13 m. 

Additionally the physical and forced ways to get better 
arrangements of fiber in the board also contribute to 
decrease the cop value, comparing to the common 
wet method.
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Fig 1.The effect of Fiber diameters and the 
arrangements 

2-2. Thermal Edge effect

Depending on the types of envelopes, the heat flux 
through the edge is changed. Al foil film showed 
around 17mW/m K, whereas Al coated polymer film 
type has only 7mW/m K as shown Fig 2. The total 
energy loss could be postulated by the integration of 
the area below the line.

Fig. 2: Heat Edge effect depending on the film kinds

To decrease the thermal bridge effect of edge, several 
attempts have been carried out such as ; (1) the use 
of Al foil film and Al coated polymer film in each 
opposite lateral, (2) the partially Al foil film attached 
structure, (3) the modified layered structure

As the use of Al coated polymer film may lead to the 
deterioration of the long term stability, the seam 
protecting film and the modified layer are 
simultaneously applied to the commercial product. 
Until now, these films have satisfied the long term 
stability tests in the worst stress condition of 70°C, 
90%RH. 

3. Applications 

Nowadays, we can find many home appliances to 
which VIPs were applied. We are also investigating 
the possibility of VIP application to electrical vehicle
(EV), which is attractive energy-saving solution for 
efficient heating and cooling of EV. 

Implementation to facade and the internal insulation 
system of building have been realized partially. 
However, the high price, poor long term stability and 
workability are still considered as drawback and 
should be resolved in near future for mass-production. 

References 
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[3] K. Ghazi Wakili et al, Building Research & 
Information 32 (2004) 293-299.

Fig. 1: The effect of fiber diameters and the arrangements
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Thermal performance of two different glass fibers based vacuum insulation panels: a comparative study 
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Abstract: 
Thermal insulation mechanism of the ordered filament and wool-type glassfibers based vacuum insulation panels (VIPs) was 
investigated. The experimental results showed that the thermal performance of ordered filament glassfiber based VIPs was better than 
that of wool-type glassfiber based VIPs due to different paths of heat transfer for the ordered filament and wool-type glassfibers 
owing to heat transport along different fiber orientations. The core material should have a homogenous diameter of ordered filament 
glassfiber, resulting in a stable and highly effective thermal performance of VIPs. 
Keywords: 
Heat transfer; Glass fiber; Vacuum insulation panel VIP; Thermal performance 

1. Introduction 
Glass fiber is commonly utilized as an insulation composite 
material. Glass fiber is generally produced in two basic forms 
namely: wool-type fibers (Fig.1a), commonly referred to as 
glass wool or glass fiber insulation by the centrifugal or aerocor 
blowing technology, and continuous filament glass fibers 
(Fig.1b), produced in long, continuous filaments by crucible 
remelt method. VIP is composed of a core material with a 
micro-porous structure, a vacuum-tight envelope to maintain 
the inner vacuum and a getter or desiccant to adsorb various 
gases flowing into the vacuum [1]. At present, the wool-type 
fibers are usually used as the core material. To Effective 
thermal conductivity at center-of-panel of VIPs with glass fiber 
used as core materials ranges from 1-3 mWm-1K-1 [2, 3]. The 
insulation performance of VIP is a typical factor of five to ten 
times better than that of conventional insulation materials. The 
VIP with wool-type fibers as core material has a low thermal 
conductivity due to the high vacuum state, hence widely 
utilized in aerospace, refrigerator, transport, container and 
building applications [4].
The equivalent overall thermal conductivity e is considered to 
be the sum of the four distinct modes: 

e = s + r + g + c                 (1) 
where s is solid conduction, r is radiation, g is gas 
conduction and c is gas convection. Various formulations for 
heat transfer through fibrous materials have been investigated, 
and most of the models have been validated with experimental 
results. Songa et al. [5] studied the effective heat conductivity 
of polymeric fibrous assemblies. Also, by using a developed 
surface-to-surface radiation model, Qashou et al. [6] studied the 
effect of fiber diameter, solid volume faction and thickness in 
suppressing radiative heat transfer in nonwoven polymeric 
fibers. Thermal transport mechanisms in non-evacuated 
alumina-silica fibers were described by Hager and Steere [7]. 
In addition, some researchers have numerically and 
experimentally studied heat transfer through insulation systems, 
although most of the studies have been based on fumed silica 
core materials. Stark and Fricke [8] developed improved heat 
transfer models for predicting the thermal conductivity of 
evacuated and gas-filled fibrous insulations. They stated there 
was no natural convection in fibrous insulations with densities 
larger than 20 kgm-3 because the fibers subdivided the gas into 

sufficiently small pores. In this paper, the insulation 
performance and mechanism of the VIPs with two kinds of 
glass fibers as core material are investigated. 

Fig 1: SEM micrographs of two kinds of glass fibers.  
(a) Wool-type fibers, (b) Short filament glass fibers. 

2. Experimental procedure 
In this paper, the two kinds of glass fibers were used as the core 
materials in VIP. One was the wool-type fibers, and the other 
was short filament glass fiber (FF). Mean diameter, length and 
composition of glass fibers are shown in Table 1. The VIP core 
material was prepared by wet process. Parameters of six 
samples are shown in Table 2. The as-prepared core materials 
were dried in an oven at 150 oC for 30 min to remove moisture. 
Afterwards, the dried core materials were bagged in barrier 
envelopes composed of PET, Al and PE thin films, and then 
vacuum compressed to 0.1 Pa to form high performance 
thermal insulating material of VIP. The thermal conductivities 
for the VIPs were determined by heat flow meter thermal 
conductivity instrumentation (Netzsch HFM 436). The thermal 
conductivity was measured at mean temperature of 23.78 °C, 
with 37.7 °C on the hot plate and 10°C on the cold plate. The 
size of VIP was 300 mm ×300 mm×25 mm.  
Table 1: Mean diameter, length and composition of glass fibers.  

Properties CF AF FF 
Diameter (d, m) 3.8 1.9 8, 10, 13 
Length (l, mm) 50 8 15 
Composition (EDS, at.%) 
O 37.39 40.74 46.74 
Na 11.18 8.99 - 
Mg 1.92 1.76 0.80 
Al 0.48 1.00 7.86 
Si 42.93 38.96 28.39 
Ca 6.10 8.50 16.21 

Note: CF- centrifugal glass fiber, AF- aerocor glass fiber, FF- short filament glass fibers. 

(b)(a)

50 m 50 m
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Table 2: Parameters of six VIP samples. 
Sample Glass fiber d ( m) T (mm) L (mWm-1K-1)

#1 70%CF+30%AF 1.9~3.8 0.5 20 1.8 
#2 70%CF+30%AF 1.9~3.8 1 10 2.1 
#3 70%CF+30%AF 1.9~3.8 3 3 2.5 
#4 FF 8 0.5 20 1.9 
#5 FF 10 0.5 20 2.0 
#6 FF 13 0.5 20 3.4 

Note: T-thickness of core material, L- number of layers, -thermal conductivity. 

3. Results and discussion 
From Table 1, the thermal conductivities of VIP for samples 1, 
2 and 3 decreased with decreasing core thickness. For the FF 
glass fiber, the thermal conductivities of VIP decreased with 
decreasing fiber diameter. In this experiment, the c achieves its 
limit value. Equation (1) can then be reduced to the first three 
terms: 

e = s + r + g                   (2) 
For the same thick VIP, the number of layer for the thin core 
material was much more than that of the thicker core material. 
Layers could stop or deteriorate the heat transfer at the 
interface between the layers. Fig.2 shows the model of the path 
of heat transfer for two different glassfiber based VIPs. The 
paths of heat transfer for the disordered glass fiber are mainly 
along the longitudinal fibers themselves, interfaces and 
contacts point, and radiation. However, the paths of heat 
transfer for the ordered glass fiber are mainly along interface 
contact between transverse fibers and radiation. The path of 
heat transfer for the ordered glass fiber was much longer than 
that of heat transfer for disordered glass fiber. Assuming the 
same thickness for VIP, it can be inferred that multilayer cores 
in a VIP with ordered glass fibers can increase thermal 
insulation performance. Here, the radiation of the array fiber 
has an important influence on heat transfer of VIP observed 
from Equation (2). It is assumed that the fiber diameter is so 
large that diffraction effects are avoided and transmission 
through the fiber is negligible. Furthermore, the vertical aligned 
structure of glass fibers could create a continuous thermal path 
from the hot surface to the cold surface, and hence give rise to 
an inherently high conductivity in the VIP.  

Cold plate 
(a) 

(b) 

Cold plate 

Hot plate 

Hot plate 

Fig 2: Model of the path of heat transfer for two different 
glassfiber based VIPs. (a) Disordered wool-type glassfiber 

based VIP, (b) Ordered filament glassfiber based VIP. 

Assuming that fiber diameter is small and there is perfect 
contact between fibers, the heat conducted through one layer is 
equivalent to that conducted by a number of parallel paths 
equal to twice the number of junctions between adjacent layers; 
each path has cross-sectional area equal to that of the fiber and 
length equal to half the distance between the fibers in a layer. 
For VIP with multilayer FF cores, decreasing fiber diameter 
resulted in decreased thermal conductivities of VIPs whereas 
for VIP with multilayer wool-type glass fiber cores, decreasing 
discrete core layer thickness resulted in decreased thermal 
conductivities of VIPs. Sample 1 and 5 recorded nearly the 
same thermal conductivities. The result corroborates with the 
conclusions of reference [9], who resolved that samples 
prepared as layers with most of the fibers perpendicular to heat 
flow demonstrated lower conductivities than samples with 
random laid fibers at similar fiber diameters. The equivalent 
conductivities can be attributed to sample 1 having a small 
fiber diameter while sample 5 had a fiber diameter of 8 m.
The center-of-panel thermal conductivities of both types of 
fibrous insulation decreased with decreasing fiber diameter and 
thickness of single core layer. This may contrast with 
conventional correlations between physical properties such as 
density in which an equal change in fiber diameter results in 
differences in thermal conductivity measurements of 25% or 
greater [10]. One of the major parameters of its thermal 
insulation quality is the fiber diameter. Decreasing the variance 
in the fiber diameter will consequently decrease the variance of 
the thermal conductivity. It indicates that the fiber diameter had 
an influence on the heat transfer of VIP. The connections 
between fibers increased with the decrease of average diameter, 
so that the heat conduction of glass fiber increased with the 
decrease of average diameter.  

4. Conclusions  
Increasing the number of constituent core material layers 
resulted in a decreased thermal conductivity because most of 
the fibers had orientation perpendicular to the heat flux. The 
thermal conductivities of VIP with ordered glass fiber core 
material decreased with decreasing fiber diameter. The thermal 
conductivity of both types of fibrous insulation decreased with 
decreasing fiber diameter and thickness of single core layer. 
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Synthesis and characterization of melamine – formaldehyde rigid foams   
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Abstract:   
A novel core material for vacuum thermal insulation, the melamine-formaldehyde (MF) rigid foam was 
processed from an emulsion of the melamine-formaldehyde resin at temperatures between 130°C and 
150°C, using pentane as the blowing agent. Optimization of the synthesis resulted in the base thermal 
conductivity of only 0.006 W m-1 K-1 and an extremely low outgassing rate. The average pore size was
between 0.03 an 0.1 mm as determined directly by SEM and indirectly by measuring the thermal 
conductivity in a wide pressure range from 10-3 mbar to the atmosphere. The long-term pressure-rise 
measurements using the spinning rotor gauge indicated very low values which means that these MF rigid 
foams could be applied as the core material in Vacuum Insulating Panels (VIPs). Their outstanding 
performances are comparable to selected inorganic core materials as they can withstand thermal 
treatment up to 200°C.  
Keywords: 
Vacuum insulation panel, new organic core material, melamine-formaldehyde rigid foam. 

1. Introduction

Core materials for Vacuum Insulation Panels (VIPs) 
must fulfill several specific requirements. They should 
have a high porosity with small interconnected open 
pores and structural stability, since they must 
withstand the high mechanical load exerted by the 
atmospheric pressure. Small pores are desired since 
the same low thermal conductivity can be maintained 
at higher internal pressure compared to the same bulk 
material with larger pores. Beside this, chemical 
stability, expressed by low outgassing rates over the 
projected operational time, must be achieved, too. 
The requirements seem to be the stringent in VIPs for 
building applications where the expected service 
lifetime is ~100 years [1, 2].

2. Foam synthesis

For preparation of the rigid foams, a reacting mixture 
was formed from an emulsion of Meldur®MP 
(melamine - formaldehyde resin partially soluble in 
water with the concentration range between 60 % - 65
%), n-pentane, sodium lauryl ether sulphate (SLES) 
and formic acid. Foam density was controlled by 
variation of the pentane content in the emulsion and 
with different heating schedules. Foaming and curing 
proceeded with heating in a conventional oven in the 
range of temperatures between 130°C and 150°C for 
30 minutes. Final curing and water removal was 
carried out at temperatures from 170°C to 190°C.

3.  Foam characterization

The range of densities achieved on several ten 
samples was between 30 kg m-3 and 115 kg m-3, but 
the acceptable foam density range for VIP turned out 

to be between 55 and 75 kg m-3. Samples with 
densities below 55 kg m-3, although with an 
acceptable low outgassing rate, were discarded 
because the mechanical stiffness could not sustain 
the atmospheric pressure exposed on the VIP. 
Different density of foams is clearly manifested in the 
micro-structure presented on SEM images. Foams 
with different densities at 200x and 1000x 
magnification, cut perpendicularly to the direction of 
the foam rising, are shown in Fig. 1. The open-cell 
structure is clearly observed, regardless of the 
density.

Fig. 1: SEM images of melamine foams processed 
from the unmodified melamine-formaldehyde resin 
with different densities (a1, a2 - 30 kg m-3; b1, b2 – 60 
kg m-3; c1, c2 – 85 kg m-3). 
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The outgassing rate of the foam was determined 
according to the recommended practices using the 
spinning rotor gauge, [3]. Two appendages, the Cu
tube and SRG thimble, were welded to the stainless 
steel frame forming a small VIP having the size ~200 
x 200 x 24 mm3.

Fig. 2: A MF foam sample before mounted into the 
stainless steel envelope.

Each foam sample was dried at 150°C in air for 17 h 
before mounting into the VIP. The pressure rise was 
monitored by the SRG at R.T. for up to 24 h after 
pinch-off. On average, the pressure and its rate of 
change were low enough to enable measurements of 
the base thermal conductivity 0 at conditions p < 10-3

mbar where the contribution of the gaseous thermal 
conductivity could be ignored. This envelope design 
allows also occasional recording of the dp/dt over 
weeks and months until the upper SRG range limit is 
approached ~10-2 mbar.

4. Results and discussions

T atm and 
compression strength versus foam density is 
presented in Fig. 3. 

Fig. 3: The atmospheric thermal conductivity and 
compressions strength of several MF foam samples.  

The range of densities suitable for VIP is between 50 
and 75 kg m-3. Lower density results in low 

compression strength while higher density has higher 
bulk thermal conductivity. 
The main result of our research is expressed in the 
values of dp/dt and base thermal conductivity 0
measured on 6 different MF foams with different 
density. Data are collected in Table 1.

Table 1: MF foam density, corresponding dp/dt and 
base thermal conductivity 0.

Sample density dp/dt 0

number kg m-3 x10-9 mbar s-1 x10-3 W m-1 K-1

1 55 4.9 5.9
2 60 4.7 6.2
3 68 4.4 5.9
4 73 2.8 6.9 
5 75 2.2 6.6
6 82 2.9 7.6

5. Conclusions and outlook

Our data indicate that MF rigid foams are serious 
candidates as the core material in VIPs. After intense 
thermal treatment their low outgassing rates may 
result in a projected service lifetime of the order of 
some ten years. Further optimization towards lower 
pore sizes is in progress. This parameter anyhow
releases the requirements for maintenance of low 
pressure inside the VIP. So far, requirements for a 
low flammability and an acceptable VIP service life 
could be only fulfilled by using inorganic core 
materials.
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Abstract:  
A simple, mild, and effective template approach has been used to produce hollow silica nanospheres with controlled 
sizes ranging from 40 to 150 nanometers. The obtained powders reported herein showed systematic variations in 
measured thermal conductivity, with values typically between 0.040 to 0.090 W/(mK) before further optimization, with 
an expressed goal to reach below 0.020 W/(mK). Surface hydrophobization was successfully performed. Thus, 
hollow silica nanospheres are considered to be promising building blocks for new hydrophobic, superinsulating 
materials.  

Keywords:
Hollow nanospheres, superinsulation, Knudsen effect, hydrophobic, thermal conductivity

1. Introduction
Thermal insulation requirements for building 
envelopes are increasing. When traditional insulation 
materials such as glass wool or expanded polystyrene 
(EPS) are used, the insulation thickness must be 
increased. In applications where space is an issue, 
state-of-the-art materials and solutions with low 
thermal conductivities, such as aerogels and vacuum 
insulation panels (VIP), are of interest. They are, 
however, costly and high embodied energy solutions 
and may not be suitable at the moment for large-scale 
building applications. Furthermore, the VIPs will lose 
their vacuum gradually by air and moisture 
penetration by diffusion, and may also lose their 
vacuum abruptly by various punctures.
A major aim within the industry and research 
community is to develop less expensive, robust 
thermal insulation materials with as low thermal 
conductivity values as possible. Another concern is 
the carbon footprint, since the ultimate goal is 
buildings that have limited or no CO2 emissions.

On this background, the development of nano 
insulation materials (NIM) has been proposed. The 
NIMs are envisaged to be homogeneous materials 
with a closed or open nanopore structure. The aim is 
an overall thermal conductivity equal or less than 
0.004 W/(mK) in the pristine condition.

Our efforts have so far been devoted to production of 
hollow silica nanospheres with controlled diameters 
and wall thicknesses by template-based processes.
Silica was chosen as shell material due to its low 
thermal conductivity (~ 1.4 W/(mK)), ease of 
preparation, and abundance in nature. 

The starting point for the concept of hollow 
nanosphere NIMs is shown in Fig.1. The overall 
property of hollow nanosphere NIMs depends on 
several parameters, such as the inner diameter (D) 
and shell thickness (L) of the hollow spheres, the 
chemical composition of the shell materials, the type 
of gas within the structure, and the packing 
manner/density of the hollow spheres. It should be 
possible to control the thermal properties of hollow 
nanosphere NIMs by adjusting these structural and/or 
compositional parameters. 

Fig.1: Schematic illustration of a close-packed NIM.

2. The Knudsen effect
The low gas thermal conductivity in NIMs is caused by 
the Knudsen effect, which is of importance when the 
pore diameter is of the same order or smaller than the 
mean free path of the gas molecules. In this case, a
gas molecule inside a pore is more likely to hit the 
pore wall than hitting another gas molecule, hence the
thermal gas thermal transport is decreased. The 
resulting gas thermal conductivity gas as a function of 
pore diameter and air pressure is based on the 
following simplified expression:
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(1)

where gas = gas thermal conductivity in the pores,
gas,0  = gas thermal conductivity at STP, = 

coefficient characterizing the molecule wall collision 
energy transfer efficiency, Kn = Knudsen coefficient,
kB = Boltzmann’s constant, T = temperature, d = gas 
molecule collision diameter, p = gas pressure in 
pores, and  = characteristic pore diameter. That is, 
pores with very small diameters (e.g. nanoscale) will 
result in a very large Knudsen coefficient, i.e. a very 
low gas. 

3. Experimental
Two different template methods were used for 
nanosphere synthesis: polyelectrolyte agglomerates 
(i.e. polyacrylic acid, PAA) [1] and polystyrene (PS) 
nanoparticles [2]. PAA agglomerates were prepared 
by dispersing the polyelectrolyte in an
ethanol/ammonia mixture. PS nanoparticles were 
prepared by the polymerization of styrene under 
controlled conditions. These templates were coated 
with silica by controlled hydrolysis and condensation 
of tetraethoxysilane (TEOS). Then the templates were 
removed either by washing (PAA) or heating (PS). 
The hollow core size, wall thickness, wall morphology 
and particle packing were varied by changing the
template size, the concentration of NH4OH and/or the 
amount of TEOS.

Hollow silica nanospheres are subject to capillary 
condensation of atmospheric water, which will lead to 
an increase in thermal conductivity. This can be 
avoided by making the nanospheres hydrophobic. 
Two methods were tried: direct production of 
hydrophobic nanospheres by adding organosilanes to 
TEOS when making the shell and post-treatment with 
vapour-phase organosilanes. The thermal conductivity 
of the obtained materials was analyzed by using a Hot
Disk Thermal Constants Analyzer (TPS 2500S).

4. Results and discussion
Typical transmission electron microscope (TEM) 
images of the hollow SiO2 nanospheres prepared with
PAA and PS templates are shown in Fig.2. 

Fig.2: TEM images of hollow silica nanospheres 
prepared with PAA (left) and PS (right) templates.

The thermal properties of the as-prepared and 
hydrophobic hollow silica nanospheres are given in 
Table 1. Solid silica nanoparticles with similar 
dimensions (diameter: ~ 250 nm) and a commercial 
aerogel sample from PCAS [3] were also measured 
and the results are included for comparison.

A significant decrease in thermal conductivity was
observed when the particle size was decreased or the 
porosity increased. The thermal conductivity was 
essentially unaltered with hydrophobic treatment. 
However, sample stability in humid environment must 
be determined for practical applications. 

Table 1: Measured thermal conductivity for different 
materials and nanospheres.

Inner diameter

D (nm)

Shell 
thickness

L (nm)

Sample 
(powder) 
density Template

Measured 
effective thermal 

conductivity

(kg/dm3) (W/(mK)) 

Bulk silica 1.2-1.4 

Silica nanoparticles 0.090 

PCAS aerogel [3] 0.023

10 20 0.37 PAA 0.089

25 12 0.20 PAA 0.065

25 12 0.20 PAA, 
hydrophobic 0.062

100 12 0.33 PAA 0.076

150 15 0.27 PS 0.040

The preliminary synthesis and characterization results 
indicate that hollow silica nanoparticles can be used 
to prepare advanced insulation materials, and that it is 
important to control both nanosphere dimensions and 
their packing density. 

A life cycle assessment (LCA) of the PS-based
process showed that alternative synthesis methods 
must be developed in order to use the material in zero 
emission buildings [2], where further work is being 
carried out. 

5. Conclusions and outlook
Hollow nanospheres represent a promising candidate 
for thermal building insulation applications. Ongoing 
experiments aim at manufacturing hollow silica 
nanospheres with as low thermal conductivity as 
possible. 
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Abstract:
Centre of panel thermal conductivity of Vacuum Insulation Panels (VIPs) comprises solid conductivity, 
gaseous conductivity and radiative conductivity. Lab testing of thermal performance is an essential part of 
the development of VIPs, however not much has been reported to date about developing a simplistic 
methodology to analyse and predict the thermal performance of VIPs. Methodology should be such as to 
minimise the number and simplifies the nature of tests required for testing, hence saving the precious 
resources spent on comprehensive testing procedures and sophisticated expensive equipment. In this 
paper, a sequential methodology to test each component of thermal conductivity of VIPs has been 
proposed and to demonstrate its effectiveness applied to silica based VIP. Prevalent test techniques and 
mathematical correlations to interpret the results were identified to measure the gaseous, radiative, solid 
and center of panel thermal conductivities of VIPs. Gaseous thermal conductivity and radiative 
conductivity using Mercury intrusion porosimetry and Fourier transform infrared techniques respectively 
were employed to confirm the validity of this approach. The results suggest that this methodology can 
allow rapid testing and would be a valuable tool to analyse the each component of thermal conductivity of 
VIPs with minimal testing involved. 

Keywords:
Vacuum Insulation Panel, Center of Panel 
Thermal conductivity, Radiative conductivity,
Mercury Intrusion Porosimetry (MIP), Fourier 
Transform Infrared (FT-IR)

1. Introduction
Thermal performance of VIPs is measured by 
measuring the center of panel thermal 
conductivity( ) of VIPs. To date testing of center 
panel thermal conductivity of VIPs is performed 
with expensive guarded hot plate or Heat flow 
meters [1] and [2]. These methods of testing are 
limited to measure overall center of panel thermal 
conductivity of VIPs and not able to measure the 
different components of . However, for 
optimization of thermal performance estimation of 
individual components of center of panel thermal 
conductivity are required. 
In this research work a sequential methodology
based on heat transfer theory across VIPs was 
adopted to estimate the different components of

by measuring the simple characteristics of 
materials. Subsequently, an experimental study 
was carried out to validate the theoretical 
estimation of center of these components.

2. Theoretical 
of a VIP is a summation of the solid thermal 

conductivity ( ) , radiative thermal 

conductivity ( ), gaseous conductivity ( ) as 
given in equation (1) [3]

= + + +        (1)

Here  is the thermal conductivity for powder 
materials. Gaseous thermal conductivity at different 
vacuum levels can be estimated from the pore size 
data measured using Mercury Intrusion 
Porosimetry (MIP) by equation (2). 

= /(1 + (0.032 P ))                    (2)
where ( ) is the thermal conductivity of air at 
atmospheric pressure (Wm-1K-1) at 25 °C, P is the 
pressure (Pa) and is the pore width of the porous 
insulation material (m).MIP is based on the capillary 
law governing liquid penetration into small pores. 
This law in case of a non-wetting, non-reacting 
liquid like mercury and cylindrical pores, is 
expressed by Washburn equation (3)

= (4 cos ) (3)
where is the pore diameter, the applied 
pressure [Pa], the surface tension [Nm-1] the 
contact angle
Sample percent porosity is then calculated from 
bulk volume and pore volume using the equation 
(4).

% = ( ) × 100 (4)
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where % percent porosity is, is volume of 
pores, is sample bulk volume
Opacifying properties was calculated using 
transmission spectrum obtained by Fourier 
Transform Infrared (FT-IR) (Perkin Elmer Spectrum 
One) and equation (5)

= (16 )/(3 ( ))                         (5)
where is the refractive index, is the Stefan-
Boltzmann constant (5.67×10-8 Wm-2K-4), is the 
medium local  temperature (K),  and is the 
extinction coefficient (m-1). The combined thermal 
conductivity, , the sum of and , was 
calculated from at 1 atm and and using 
equation (6)

= ( + )                                (6)

3. Experimental work
For experimental purpose fumed silica, expanded 
perlite, SiC (opacifier) and reinforcing polyester 
fiber composites were prepared and their porosity, 
pore size distribution, and densities were measured
Using Micromeritics Autopore IV mercury 
porosimeter [4]. Gaseous thermal conductivity of 
samples was estimated from the pore size data
obtained using MIP, radiative conductivity was 
measured using Fourier Transform Infrared (FT-IR)
(Perkin Elmer Spectrum One) with KBr method.
Core boards (100mm×100 mm × 15 mm) made of 
composite samples using Instron Universal Testing 
Machine were prepared at Brunel University Labs. 
Centre of panel thermal conductivity at a range of 
pressures was measured by using a small guarded 
hot plate device at Empa labs Switzerland. was 
calculated using equation (6).

4. Results and discussion 
The center of panel thermal conductivity with 
30% expanded perlite content in the composite 
sample was measured as 0.0076 Wm-1K-1 at 0.5 
mbar pressure and 0.028 Wm-1K-1 at a pressure 
of 1 atm as shown in Figure 1.
Radiative conductivity was calculated to be 
0.0011 Wm-1K-1 using measured data from FT-
IR at 300K. Gaseous conductivity was 
calculated to be 1.25 × 10-5 Wm-1K-1 at 1 mbar 
pressure.
The combined thermal conductivity, , was 
calculated to be 0.0196 Wm-1K-1 at a pressure of 
1 atm.

Fig 1 Measured center of panel thermal 
conductivity of composite samples 

5. Conclusions
A methodology to estimate different components of 

involving simple material properties tests has 
been presented and employed to evaluate the 
performance of a fumed silica-perlite mixture VIP 
core. The tests employed were MIP for pore size 
data measurement and FT- IR for Opacifying 
properties of silica based materials. Gaseous 
conductivity was calculated from MIP data and 
radiative conductivity from FT-IR. Radiative and 
gaseouse thermal conductivity values for the 
sample were 0.0011 Wm-1K-1 using measured data 
from FT-IR at 300K and 1.25 × 10-5 Wm-1K-1 at 1 
mbar respectively. Measured values of was 
used to estimate the combined thermal conductivity 
and was calculated to be 0.0196 Wm-1K-1 at a 
pressure of 1 atm.
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Abstract:   
The scope of this research includes the development of load-bearing, thin, composite concrete facade elements 
having high performance thermal insulation. It applies to elements of factory-produced precast concrete and is 
optimized around five points in particular: construction, production, economic and environmental requirements, and 
flexibility in planning. A pilot project [1] of a detached house has been completed. This approach has garnered 
attention from the Senatverwaltung für Stadtentwicklung und Umwelt in Berlin which is planning an international 
construction exhibit in 2020 [2], the year for which the city has planned the building of 70'000 dwellings, i.e., 
2,000,000 m2 of opaque and insulated facade. In the context of a new construction method using VIP (vacuum 
insulated panel) insulation, we intend to refine our product in order to respond effectively to a request for mass-
production in the future.

Keywords:
facade wall, precast concrete sandwich panel, wall with high performance thermal insulation, vacuum insulated panel 
(VIP), expanded polystyrene with graphite (EPS-graphite) insulation

1. Introduction

For a sustainable future, the concept of the 2000 Watt 
Society relies on two key arguments: the depletion of 
fossil resources and occurrence of global warming. 
The issue at stake for the future of architecture is a 
real paradigm shift that will reduce our demand for 
energy and move towards the greater use of up-and-
coming resources, such as renewable energies. For a 
building, this paradigm shift can be achieved by using 
heat traps [3]. This idea is to thermally insulate the 
building so that inevitable heat losses do not exceed 
heat gains coming from both inside and, above all, 
outside the building.

Fig. 1 : cross section of a precast 
concrete wall: 

1. load-bearing strata
2. composite insulation
3. exterior covering strata

2. Requirements and justification

The walls that we developed include three distinct 
strata: a layer of load-bearing concrete, an 
intermediate layer (insulation), and a completion layer 
of concrete (exterior covering). The objective is to find 
a new construction method which takes into account 
the new thermal insulation requirements 
recommended as standards for the 2000 Watt 
Society. The challenges to overcome are: a 
considerable volume of raw material, complications in 
handling, transport, and installation, as well as, a loss
of useable space inside the building. At the level of 

planning, uncertainty about the nature and thickness 
of the facade wall and the type of insulation used is a 
drawback from the perspective of the use of space, as 
well as, of the construction, throughout the building 
process. The move towards a standardized insulation 
thickness simplifies the planning and production. On 
the basis of this first observation, we recommend a 
mixture of two insulations, a high performance one, 
such as the VIP, and a more traditional one, in order 
to meet the thermal performance standards of 
Minergie-P, an overall heat transfer coefficient (U 
value) of about 0.1 W/m2K. Therefore, it is not simply 
a matter of substituting traditional insulation with high 
performance insulation, but creating, by mixing, an 
ideal composite insulation for any type of construction.

The choice of the composite insulation thickness is 
based on the following arguments:

from a heat transfer point of view, the thicker the 
wall, the weaker the thermal bridges between 
composite insulation panels;
from a construction point of view, the current 
principles of detail design (concrete window side 
jamb, concrete window sill, and shutter chamber), 
which guarantee the quality of the product, are 
preserved; and 

 from a production point of view, the fundamentals 
of the manufacturing process are not questioned.

On the basis of these points argued above, we have 
shown that the optimal thickness for a composite 
insulation is 14 cm. This construction optimum should 
be considered during the preliminary drafting and 
planning stage and, then once chosen, can no longer 
change throughout the construction process.
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3. Pilot project 

On the basis of this choice for thickness, we carried 
out, in collaboration with the architectural firm Bassi-
Carella, a pilot project for a detached house 
consisting of sandwich panels containing composite 
insulation (4 cm EPS-graphite / 2 × 3 cm VIP / 4 cm 
EPS-graphite). This project work has enabled us to 
concretely verify all together the planning phase, as 
well as, the manufacturing process.

Only two formats of composite insulation were used. 
For construction, 3 of these panels were stacked 
vertically and their height corresponded to one-third of 
that of a single story, 96 cm high. Their horizontal 
width of the composite insulation panels was 60 cm 
for the center part of the prefabricated concrete 
element and only 30 cm for its edges. This 
arrangement of the composite insulation is buried 
between two strata of concrete (load-bearing and 
exterior covering) and synthetic fiber connections 
provide stability to the ensemble without degrading 
the VIP panels. The 11 precast concrete parts weigh 
on average 9 tons and have a size of about 3 × 8 m.
They were produced in 11 days and have been 
assembled in situ in two days.

4. Results and discussions

This project work demonstrated that a wall 
constructed from precast concrete with high 
performance thermal insulation is achievable without 
disrupting traditional production methods exploited in 
Switzerland. The optimal thermal and construction 
properties fall into the criteria set for a 2000 Watt 
Society. The change to the more important 
specifications, e.g., urban buildings having greater 
than 1000 m2 of opaque facade surface, obliges us to 
optimize also the important and implied parameters 
mentioned in the Berlin comparative analysis [4]: the 
cost of the product, its ecological impact, and its 
architectural flexibility.

From an economic point of view, we seek a 
composite insulation with a thickness of 14 cm to 
obtain a U value of 0.1 W/m2K at a reasonable 
price, knowing that the VIP proposed in 
catalogues is a material of higher quality and 
expense than necessary for the facade.
From an ecological point of view, the 
Environmental Load Units (ELU) are still 
undecided, knowing that thin walls require a 
higher value due to the greater technological 
complexity which increases the ELU. In addition, 
recycling strategies in the VIP sector are still 
unknown.
At the architectural level, the flexibility of the 
composite insulation format depends on two 
factors: height and width. For the height factor, 
one must be able to make the composite 
insulation elements in proportion to the project, 
according to a division of the story height in equal 

parts. For the width factor, on the other hand, one 
uses 15/30/60 cm modules which can meet the 
spatial requirements of office or housing types.

Therefore, it is important that the quality, price, as well 
as, the format, are suitable for an architecture of 
facades, a condition which presents additional 
requirements compared to the typical placement of 
VIP in floors or its use in cold rooms.

In a Swiss urban context and in some European 
cities, land prices are quite high and the integration of 
these types of composite insulation panels into 
building architecture is a realistic goal. We are looking 
for partners ready to develop this composite insulation
in order to decrease its cost, lower its environmental 
impact, and increase its flexibility for use in facade 
design, all of which would make the use of these 
insulation panels more competitive and attractive for 
the mass production of housing and offices, as 
planned for the IBA Berlin 2020.

5. Conclusions and outlook

The use of sandwich panels with high-performance 
thermal insulation is feasible and now realistic without 
increasing costs for supporting technology, but it 
includes a more expensive composite insulation. The 
use of VIP in the facade will depend on the price and 
appropriate quality, a smaller ELU, and a flexibility 
which allows its adaption to a range of different 
formats usable for facades.
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Abstract:   
In the present paper, heat flux, temperature and moisture monitoring data simultaneously obtained over a period of 
one year, at several locations of the envelope of a small scale (4x4x7m) demonstration house (situated in the NTUA 
premises) are presented and analyzed. Three walls of this house use conventional polystyrene insulation and the 
fourth north wall, a composite insulation system consisting of VIPs, mineral wool (mineral wool – VIP – mineral wool) 
and thermo-insulating render. The U-Value of the walls is theoretically and experimentally determined. The 
discussion focuses, via comparative assessment, on the key issues of thermal and hygrothermal performance of the 
examined walls that incorporate either EPS or a VIP composite assembly as an external thermal insulation system. 
 
Keywords: 
Vacuum insulation panels, Monitoring, Building envelope, Hygrothermal behavior  
 
1. Introduction 
 
Insulation of building envelope is a critical factor 
affecting the total energy consumption of a building. 
Conventional insulation materials have thermal 
conductivity values not less than ca. 0,03 W/mK. 
Vacuum Insulation Panels (VIPs) can have a thermal 
conductivity up to 10 times less than polystyrene 
boards. They can thus form a promising insulation 
solution, especially in cases of limited space.  
 
Several experimental studies [1] have been carried 
out regarding the deterioration of VIP panels due to 
moisture accumulation and internal pressure increase. 
Also, thermal bridges occurring at the connection line 
of the panels on a wall assembly are well known to 
increase the effective thermal conductivity [2]. 
In this study the thermal performance of a wall 
insulated with VIP panels is assessed and compared 
to the same wall configuration insulated with EPS. At 
the same time, the two critical factors that affect the 
service life of VIP panels, temperature and relative 
humidity inside the wall assembly (surrounding the 
VIP panels), are measured continuously for several 
months. 
 
2. Test site, construction and materials 
 
The test site is located inside the campus of the 
National Technical University of Athens. It is a 
demonstration two-storey, dry-wall construction 
house. The envelope is based on a cavity wall system 
with external insulation. The construction 
methodology follows the same rules applied to real 
scale houses of this type. 
The envelope of the house was initially insulated with 
EPS panels. After two years of monitoring, the 
insulation of the north wall of the house was replaced 

with a composite panel consisting of mineral wool 
(λ=0.045 W/m•K) and VIP finished with insulating 
render (λ=0.065 W/m•K) (Figure 1). 
 

 
Fig 1: Measuring locations shown at a section of the 

north wall. 
 
3. Theoretical calculations and experimental 

methodology/equipment 
 
The thermal conductivity of the materials used for the 
construction of the walls has been measured with a 
guarded hot plate apparatus. The apparent density 
was measured according to the ISO standards and 
the specific heat capacity was either measured by 
DSC or provided from tables. The R-value was 
theoretically calculated according to ISO 6946 
standard. The effective thermal conductivity of the 
VIPs (taking into account thermal bridges at the joints) 
was estimated with the procedure described by Ghazi 
Wakili et al [2].  
For the in–situ measurement of the thermal resistance 
a dedicated device was used (Hukseflux, model 
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TRSYS01) and the dynamic method described in ISO 
9869. 
For the monitoring of the overall hygrothermal 
performance, a data acquisition system was used. 
Temperature, humidity and heat flux values were 
collected at several locations on the envelope.  
 
4. Results and discussion 
 
Table 1 presents the theoretical and experimental R-
values for the two walls (EPS and VIP insulation). 
 

 
Thickness 

[mm] 

Theoretical 
R-value 

[m2·K/W] 

Experimental 
R-value 
[m2·K/W] 

EPS Wall 300 1.695 1.786 

VIP Wall 382 5.263 3.846 

Table 1: Theoretical and experimental R-values  
 
The thickness of the insulation layer of the VIP and 
EPS walls is 110mm and 50mm, respectively. The 
achieved overall improvement of the thermal 
resistance of the wall is approximately 115%, which is 
less than the initially expected theoretical value (ca. 
210%). This can be attributed to the construction 
irregularities and quality of workmanship that appear 
to introduce significant thermal bridges. Also, based 
on detailed 3D modeling (ANSYS CFX) of the 
behavior of the cavity - not presented here - it can be 
suggested that the convection effect inside the wall 
cavity may be underestimated in the R-value 
calculations.  
 
Temperature and relative humidity at the two surfaces 
of the VIPs are continuously monitored, since the 
construction of the wall at the north side of the model. 
Focusing on the most important findings of the 
monitoring results(figures 2,3), it is observed that high 
relative humidity values and presence of water occur 
during the first weeks after installation due to the initial 
moisture of the adhesive mortar. The elevated 
summer temperatures accelerate the drying of the 
wall. During winter months, the wall of the upper floor 
shows higher RH values and prolonged periods of 
saturated vapor presence. Introduction of heating 
system in the ground floor reduces the humidity level 
and eliminates the condensation at the internal 
surface of the panels. 
 
5. Conclusions and outlook 
 
The extensive monitoring of the hygrothermal 
behavior of VIP insulated envelope revealed the 
degree of thermal performance improvement as well 
as the risk of water vapor condensation inside the 
wall. The presence of high humidity values and liquid 
water on the VIP surfaces for prolonged periods can 
drastically reduce the service life of the panels. 
 

 
Fig 2: Measurements of Relative Humidity of the 
ground floor. 
 

 
Fig 3: Measurements of Relative Humidity of the 
upper floor. 
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In-Situ Performance of Residential Wood-Frame Construction Retrofitted Using VIPs
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Abstract: The National Research Council of Canada’s Construction (NRC-Construction) investigated the energy 
strategies to retrofit conventional wall assemblies with a new generation of insulation made of Vacuum Insulated 
Panels (VIPs). The objective of this work was to develop recommended construction specifications and guidelines for 
assembling next generation building envelope systems with the ultimate goal of encouraging their use in building 
practices.  Tests to assess the thermal performance and energy usage of wall assemblies incorporating VIPs were 
performed in NRC-Construction’s Field Exposure of Walls test Facility (FEWF). These performance assessment tests 
were conducted for one year over which period the wall assemblies were exposed to outdoor natural weathering 
conditions.  The intent of the performance assessment exercise was to examine exterior retrofit options and compare 
these to a standard retrofit method.  
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1. Introduction

To achieve high levels of energy performance with 
existing wall systems and materials, the wall systems 
would need to be considerably thicker and this may 
be less acceptable to consumers because of the loss 
of usable floor area, greater weight, increase in costs 
due to transportation, and time of construction, as well 
as new challenges for the structure associated with 
greatly increased wall thickness. To maintain 
reasonable envelope thickness while having high 
thermal performance, a promising recent innovation in 
building technology was investigated within the 
context of its application using Vacuum Insulation 
Panel (VIP) systems.  VIPs are of interest owing to 
their exceptional insulating R-value, up to R-60 per 
inch or even higher.  The VIP technology can be used 
in new construction as well for retrofitting existing 
homes [1]. 

2. Objectives

The main objectives were to: (1) develop 
recommended construction specifications and 
guidelines for assembling VIP walls; (2) encourage
their use in building practice, and; (3) assess their 
thermal and energy performance. 

3. Retrofitted Wall description

Tests to assess the thermal performance and energy 
usage of wall assemblies incorporating VIPs were 
performed in the FEWF. Three side-by-side 2 x 6 
wood-frame wall assemblies (4 ft x 6 ft), two of which 
incorporated VIPs within either an XPS Tongue and 
Groove (T&G) configuration or VIPs within an XPS 
Clip-On (C-O) configuration, and a third assembly 
incorporating only XPS. These performance 
assessment tests were conducted for one year over 
which period the wall assemblies were exposed to 
outdoor natural weathering conditions (i.e. May 2011 
to May 2012).  The intent of the performance 
assessment exercise was to examine exterior retrofit 

options and compare these to a standard retrofit 
method.  The backup wall for all three retrofit 
strategies consisted of interior drywall (1/2 inch thick), 
polyethylene air barrier (6 mil thick), 2 x 6 wood-frame 
having friction-fit glass fibre batt insulation installed 
between vertical studs, OSB (7/16 inch thick), and 
Tyvek sheathing membrane (Figure 1).  The backup 
wall was retrofitted by adding different configurations 
of external insulation.  The first wall (W1) was 
retrofitted by adding an XPS layer (2 inch thick) 
between the sheathing membrane and vinyl siding.  
The other two walls were retrofitted with Vacuum 
Insulation Panels (VIPs) using two concepts as 
described below. In the second retrofit concept (W3),
each VIP having a nominal thickness of 15 mm (5 
panels in total), was sandwiched between two XPS 
boards, the exterior board being 1 inch thick and the 
interior board 5/8 inch thick (Figure 1). To protect the 
VIP, a hollow piece of XPS of the same thickness as 
the VIP was cut and the VIP panel was placed inside 
the opening such that the VIP would be protected by 
the XPS surround.  

(b) (a)

Figure 1 - Schematic of XPS retrofit wall assembly (W2)

In the second retrofit concept (W2) five VIP 
sandwiches were assembled using clips; hence, the 
retrofitted wall specimen was called “Clip-On” (C-O) 
VIP.  Vertical furring strips (16 inch o.c. and 5/8 inch 
thick) were attached to metal clips, which supported 
the C-O VIP assembly and provided the nailing 
surface to which the smart board was attached. 
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Figure 2 - Installation of VIP panel 
with Clip-on concept (W2) – S-shape 
clips.

Figure 3 - Installation of VIP Panel 
(W3) with T&G Concept

The assembly (W3), consisting of the VIP and XPS 
surround, was placed between the exterior and 
interior XPS layers to form a “Tongue and Groove 
(T&G)” VIP “sandwich” [2].
4. Results and discussions
Figure 4 and Figure 5 show temperature profiles of 
exterior surface of the sheathing board of the different 
walls, respectively W1, W2 and W3.  Figure 5 shows 
the temperature difference over time across the 
added insulation (XPS and VIP panels) of the different 
wall assemblies W1, W2 and W3.

Figure 4 - Temperature profile of each layer of wall the three 
retrofitted walls W1, W2 and W3

Figure 5 - Temperature gradient through the added 
insulation of wall W1, W2 and W3
Figure 6 shows the heat flux measurement of the 
three wall assemblies. The comparison between 
those walls assemblies were done at the interior face 
of the added insulation using heat flux transducer #2. 
The comparison shows that walls W2 and W3 are 
similar in terms of heat flux across the VIP panel and 
the interior surface of the VIP panel is less sensitive to 
changes in exterior climatic conditions. The heat flux 
across W1 has a greater number of fluctuations as 
compared to those determined for W2 and W3; this is 
not surprising given that W1 had the least thermal 
resistance of the three walls under evaluation. This 
was due to the thermal resistance of the wall systems 
and the additional exterior insulation. In Figure 6 is 
shown the apparent shift in response of W2 and W3.  
This delay in response was due to the overall thermal 

mass and thermal resistance of the respective wall 
systems.

Figure 6 - W1, W2 and W3 Heat fluxes
5. Conclusions

The main objective of this study was to assess the 
overall thermal performance of side-by-side retrofitted 
wall assemblies.  These walls were retrofitted by 
adding insulation on the exterior of the sheathing 
board. The interior surface temperatures of the VIP at 
the interface with the sheathing board (W2 and W3) 
are warmer than W1; this will decrease the risk of 
condensation on the sheathing board (OSB), since 
the surface temperatures of the OSB are above the 
dewpoint. One of the objectives of this project was to 
investigate the degree of difficulties in practice in 
using a pre-fabricated insulation sandwich panel with 
VIP insulation as compared to the traditional method 
of retrofit.  Two concepts of installation for retrofit 
were assessed in this study (W2 and W3) having the 
same nominal thermal resistance of the added 
insulation.  The comparison in terms of energy 
performance of wall assemblies W2 and W3shows 
that the two walls, one using Clip-on (W2) and the 
other Tongue & Groove (W3) concept, have close 
thermal performance with W2 having an additional 
degree of thermal resistance of R ~2; this was due to 
the effect of air space between the insulation and the 
exterior cladding [3]. The thermal gradients across W2 
and W3 that included the thermal insulation in the 
stud cavity were very similar.  Not surprisingly, the 
thermal gradients were different from W1, given that 
W1 did not include VIP exterior insulation but only 
rigid insulation XPS.  The experimental data helped 
benchmark the model hygIRC-C as described in 
reference [4].
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Abstract:
The question of maintaining the long term performance of VIP has been and continues to be the focus of many 
technical and scientific investigations. The performance of the barrier foil is of course decisive, especially its capability 
of maintaining the vacuum level as well as its resistance to the permeation of water vapor. This presentation presents 
an overview of the methods used for the determination of  the permeance of the barrier films as well as of the finished 
VIP. The test results obtained on a selection of commercially available products through the different methods are 
reviewed and the relevance of these methods for characterizing the performance of finished VIP discussed. 

Keywords: 
Vacuum insulation panels, Barrier films, Permeability, Permeance   

1. Introduction 

Regarding the long term performance of VIP the 
expectations of the end-users and the manufacturers 
of the panels remain very similar. These two players 
need to have methods at their disposal to evaluate the 
performance of the barrier films already used or for a 
future use in order to obtain a clear idea of the 
technical value of the barrier films proposed by 
various manufacturers. 

There exist various techniques, either direct 
measurements on the barrier foils or an indirect 
measurement on VIP. The former methods are 
applied to the components of the multilayered films as 
well as to the complete multi-layer structure in order to 
separate the influence of the metallization from the 
laminating operation.  

2. Barrier films 

For the evaluation of barrier films - either on the 
individual single layer or on the multilayer structure - 
several methods can be applied. These include the 
manometric method, the cup method and the use of 
tritiated water. 

In the first method - described in the ASTM D-1434 
and ISO 15105-1 norms - an initial pressure 
difference between the two sides of the material to be 
evaluated is established and the increase of the total 
pressure downstream in time upon the influx of water 
vapor in the upstream chamber of the equipment is 
monitored (Fig. 1). 
Measurements can be carried out as a function of 
temperature and relative humidity; degassing of the 
samples before the measurement is also an option. 

Fig.1 Principle of the manometric measurement 
technique 

The permeance of the material (in kg/(m².s.Pa)) can 
be obtained from the following equation : 

=    j /  P         (Eq.1) 
where 

 = permeance 
j = flux density  

 P        =            partial pressure difference 

and where the flux density can be determined once 
the measurement has reached a steady state. 

Another approach to measure the permeance of films 
concerns the so-called cup method - referred to in the 
ISO 12572 and 2528, and ASTM E 96M-05 norms -  
in which the amount of water vapor absorbed or 
evaporated by a saline solution in the interior of the 
cup is monitored. This way the quantity of water vapor 
going through the film sample can easily be defined 
through the measurement of the weight change. Once 
the steady state has been reached during the 
measurement, the slope of the curve indicating the  
weight increase as a function of time represents the 
flux density and therefore the permeance can also be 
easily determined with Eq.1.  

A third method implies the use of radioactive tracer, 
namely tritiated water. In order to quantify the flux 
through the sample a very small part of the water 
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molecules on one side of the film are marked through 
the addition of tritium thereby not fundamentally 
changing the permeating behavior of the fluid. In a 
two-chamber experimental set-up the concentration of 
tritiated water molecules is measured after their 
passage through the film sample. As in the previous 
techniques the slope of the curve representing 
concentration changes as a function of time leads to 
the calculation of the flux, and thus of the permeance. 

3. Vacuum insulation panels 

The barrier performance of the film covering the core 
of a VIP can also be examined through an indirect 
measurement on the insulation material itself. For this 
purpose the VIP are aged in an environmental 
chamber at selected temperature and relative 
humidity conditions, e.g. at 50 °C or 70 °C at 90 % 
RH, and the weight gain due to the water vapor 
uptake recorded at regular intervals. A set of  
experimental data is graphically represented in Fig. 2. 

Fig.2  Aging data of 3 references at varying T at 90 % 
RH; weight gain as a function of duration and sample 
size (L 0.25 m2 and S 0.04 m2)

As in the previous techniques the flux through the 
surface of the VIP can be determined and thus the 
permeance of the barrier film, but this time as a 
component of a finished VIP. 

4. Results and discussions 

In Table 1 the results of the measurement of the 
permeance of  commercially available barrier films - 
as such and in a VIP - are summarized. For sample A 
the results between the cup method and the one 
based on tritiated water generally seem to be in good 
agreement. 

However the cup method falls short of the required 
accuracy limit. On the other hand the agreement 
between the manometric method and the results 
obtained on VIP appear very satisfactory. It should be 
noted that the permeance values measured on VIP 

often exceed the values obtained via the manometric 
method due to possible damage incurred during the 
manufacture of the VIP and water vapour influx 
through the seals. This explains that the indirect 
measurement on VIP constitutes our reference 
approach today.  

Table 1: Permeance of commercially available barrier 
films. 

Regarding the relevance of the individual methods 
w.r.t. the evaluation of barrier films  one can conclude 
that the manometric method reproduces the best the 
loading conditions to which the barrier film is being 
subjected. Furthermore the temperature can easily be 
adjusted. The same holds true for the cup method, 
although this technique appears less suitable in light 
of the superior barrier performance of these films, i.e. 
very low values of the permeance. The temperature 
range which can be covered by the cup method and 
the approach based on tritiated water also remains 
more limited. In addition the latter method is much  
more difficult to implement. 

5. Conclusions and outlook

The suitability of different measurement techniques 
aimed at determining the permeance of barrier films 
as such as well as converted into a VIP has been 
examined. For the characterization of barrier films the 
manometric appears to be the most useful and 
reliable approach as it duplicates the best the real 
exposure conditions.  The good correlation with the 
current reference method on VIP forms an incentive to 
further optimize this manometric technique. 
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Abstract:
The barrier property of the multilayer film against water vapor is a key factor of the durability performance of Vacuum 
Insulation Panels (VIPs). It is characterized by the permeance of the multilayer film. The model commonly used for 
the membrane permeance defines it as the product of the solubility coefficient and the diffusion coefficient, divided by 
the thickness, assuming the validity of Henry's law. To check this hypothesis, an experimental campaign was carried 
out to establish the sorption isotherms of multilayer films for VIP, but also on single layer films (films to be metalized
and sealed). The dependence of the solubility coefficient on the temperature and the humidity was also investigated. 
In parallel, the diffusion coefficient was estimated indirectly. 

Keywords:
Vacuum insulation panels (VIPs), Water vapor, Permeance, Solubility, Diffusion

1. Introduction

The model commonly used for gaseous transfer in a 
membrane is the solution-diffusion (SD) model, 
considering adsorption and dissolution on the top 
side, then diffusion through the membrane, and 
desorption on the bottom side. It is a linear model of 
mass transfer established for the polymeric 
homogeneous membranes. Fick’s law is used for the 
diffusion in the membrane and Henry’s law for the 
solubility.
The permeance in a polymeric membrane is defined
as the product of the diffusion coefficient (D) and the 
solubility coefficient (s), divided by the thickness (e): 

e
sD

(kg.m2.s-1.Pa-1). (Eq. 1)

For a multilayer film (made from both metalized 
polymer and sealing layers), the previous equation 
was extended replacing D and s by the equivalent 
diffusion and solubility coefficients, and a stacking 
model was used (verified by measurements) [1, 2]: 

n

i ii

i
n

i i sD
e

 (Eq. 2)

where
i = permeance of each layer 

ei = thickness of each layer
Di = diffusion coefficient of each layer
si  = solubility coefficient of each layer

The solubility is a volume parameter, thus it can be 
extended to a coated membrane. The diffusion 
coefficient of the metalized polymer layers is the 
equivalent diffusion coefficient, controlled by the 
aluminum layer (barrier function against gas transfer). 

The aim of this paper is dual:
- first to check the validity of Henry’s law; 
- then to determine the influence of temperature and 

relative humidity (RH) on the solubility and on the 
diffusion coefficients, and to obtain some 
quantitative data for polymer - aluminum multilayer 
films to be used in models (D0, s0, QD, QS). 

2. Experimental

Samples
Simple films (PET / sealing polymers) and multilayer 
films, whose typical architecture is composed of 2 or 3 
metalized aluminum layers (often on 12 µm thick PET) 
and one sealing layer (> 50 µm), were studied. 

Methods
The permeance of the films was measured by two 
methods: a direct measurement on foils by 
manometric method (Technolox, Deltaperm tester) 
and an indirect one on VIP by weight increase 
measurement. The solubility coefficients were 
determined from water vapor sorption isotherms (Bel 
Japan, Belsorp Aqua). The diffusion coefficients were 
indirectly determined from permeance and solubility 
measurements, and by dynamic water vapor sorption 
measurements (Hiden Isochema, IGAsorp DVS). 

3. Results and discussion

Water vapor sorption
Influence of relative humidity
For the tested PET films, the sorption isotherms follow 
Henry’s law in the tested RH range (C = f(p) is linear 
up to 82% RH). For the sealing and the multilayer 
films, there is however a deviation from Henry’s law 
above 50 - 55% RH. This mismatch on multilayer films 
can be explained by the one observed on the 
polyolefins.
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This influence of RH on the solubility has to be 
moderated by an assessment of the humidity that is
seen by the different layers for a typical multilayer. As 
shown in Fig. 1, calculated with real material 
properties at 50°C and 90% RH, only the external 
PET layer is exposed to RH above 50%. So the 
sealing layer never sees such a high RH in a VIP.

Figure 1: assessment of the relative humidity in the 
different layers of a multilayer film

The solubility coefficients measured at 25°C are given 
in Table 1. The solubility coefficients of the tested 
PET are similar, more than ten times higher than the 
one of the sealing layers. The same PET film,
metalized or not, has the same solubility coefficient,
indicating no influence of the metallic layer, but also 
no influence of the metallization on the polymer 
crystallinity. The significant difference between the 
sealing layers has a limited influence on the solubility 
of the multilayer (law of mixtures). 
For a multilayer film, the solubility coefficient was 
calculated from the coefficients of the constituting 
layers by a law of mixtures: it was very close to the 
value obtained from the sorption isotherm of the 
multilayer film. 

Table 1: Solubility coefficient for different films at 25°C
s

(10-4 kg.m-3.Pa-1)
HR validity 

interval
PET (met. or not) around 25 <  82%

Sealing layer PE 1,5 < 55%
PP 1 < 55%

Multilayer 5 - 10 < 55 or 75%

Influence of temperature
The solubility coefficient depends on temperature 
according to an Arrhenius’ law [3, 4]:

RT
Qs

esTs (Eq. 3)
where

s0 = limit value of the solubility coefficient for an infinite 
molecular agitation (T 
Qs = apparent heat of solution

= universal gas constant (8,314 J.mol-1.K-1) 

For simple films (PET and sealing), Qs and s0 were 
determined from experimental results between 25 and 

70°C (Table 2). As Qs is negative, a decrease in the 
solubility is observed with an increasing temperature. 

Table 2: determination of s and Qs for simple films
s0 (kg.m-3.Pa-1) QS (kJ.mol-1)

PET1 (met.) 7.10-9 -32
PET2 (met.) 1.10-9 -36
PET2 (without Al) 1.10-9 -36
Sealing layer (PE) 4.10-8 -20
Sealing layer (PP) 2.10-6 -9

Water vapor diffusion
Influence of relative humidity
No influence of relative humidity was shown. Direct
measurements are necessary to confirm this point.

Influence of temperature
For 4 multilayer films, the diffusion coefficient was 
deduced from permeance measurements and 
sorption isotherms (Eq. 1). D0 and QD (activation 
energy) were determined from the experimental 
results on multilayer films at different temperatures 
(23 to 70°C). The same activation energy for the 
diffusion process was found: 54 kJ.mol-1. 

4. Conclusions and outlook

In this study, the solubility coefficient was determined
for PET and sealing films, and also for a multilayer 
film. The law of mixtures allowed to estimate the 
multilayer solubility, in good agreement with the 
measurements. As for the PET the sorption isotherm 
is linear up to high RH, this is not the case for the 
sealing layers, and as a consequence for the 
multilayer films. But this deviation does not impact the 
multilayer films used as VIP envelope because only 
the external PET layer is exposed to high RH. Some 
quantitative data of solubility and diffusion coefficients 
and of their activation energies are given for multilayer 
films, but they have to be consolidated, particularly 
concerning diffusion.
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Abstract:   
The effect of hydrothermal ageing at 70 °C, 90 % RH on metallized polyethylene terephthalate (PET) was 
investigated using complementary techniques at different scales. The physical properties of both 
components are largely altered over time in the aggressive environment. Within the polymer, an increase 
in the ability to crystallize was attributed to the reduction of molecular weight by chain scissions. The thin 
aluminium layer was in most cases strongly degraded by oxidation. The influence of aluminium thickness 
and treatments applied to PET substrate will be described. The paper also furnishes the time dependence 
of structural changes together with some degradation mechanism. 

Keywords: 
Vacuum insulation panel (VIP), Polymer/metal, Multiscale analysis; Hygrothermal ageing; Durabilty. 

1. Introduction 

The service life of a VIP is mainly governed by the 
maximum tolerable gas pressure within the core. The 
latter should remain below 100 mbar, even after 30–
50 years [1]. Gas and water permeation through the 
envelope increases the internal pressure and 
degrades the thermal insulation of the SiO2 [2].  
The ageing of the envelope components alters the 
PET (polyethylene terephthalate) through chain 
scission and depolymerization mechanisms [3]:  The 
degradation of the polymer substrate may induce 
severe alteration of the composite and even a 
decohesion with the metallic component and thereby 
the loss of the barrier effectiveness. As a result, a 
comprehensive knowledge of the changes in physical 
properties of all the components after ageing is 
required for the application. The purpose of this paper 
is to contribute to the understanding of the effect of 
hygrothermal ageing on aluminized PET thanks to a 
multiscale analysis of the different steps of the 
damage process. This study thus concerns the 
structural changes within the polymer substrate as 
well as the effects induced on the mechanical and 
barrier properties.  

2. Experimental 

Materials used in this study were obtained from Rexor 
company. The model films are bimaterials layers of 
PET covered with one or two aluminium layers of 
different thicknesses by Physical Vapour Deposition 
(PVD). The interface properties between polymer and 
aluminium coatings are expected to alter the final 
properties [4]. To improve the adhesion between 
polymer and metallic layers, some surfaces were 

treated before the deposition of the metallic coating 
either by “chemical treatment” with an acrylic coating 
(thin layer of 0.3 µm) or with a corona treatment 
resulting in a chemically activated surface more likely 
to provide good adhesion to the metallic layer. 
  The films were aged up to six months in a climatic 
chamber regulated at 70°C and 90%RH. 
  The characterization consisted of recording 
thermograms with a DSC 7 (Perkin Elmer) from 20 to 
275 °C @ 10 °C/min under the nitrogen. The heat of 
fusion for PET was taken at 125 J/g [5]. 
  The thin aluminium layers were observed with optical 
microscop Leica-DMLM in transmission mode. 
  Tensile testing were performed in accordance to NF 
ISO 6239 standard using an Adamel Lhomargy 
universal testing machine, at room temperature and at  
50 mm/min, with an initial gauge length of 30 mm. 

3. Results and discussion 

Effect of ageing on PET 
The DSC thermograms of PET as received and aged 
192 days is shown in Fig. 1.  

Fig. 1 : DSC 
thermograms 

of PET as-
received and 

aged 192 days 
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The thermogram reveals that the second heating is 
shifted towards lower temperature and presents a 
smaller area. The melting temperature and degree of 
crystallinity increased with ageing (31 w% to 34 w%). 
The high accuracy of the DSC and quality of the 
baseline make these changes meaningful. In addition 
the noticeable shift in the thermograms indicates a 
chemical modification within the PET structure. For 
this peculiar polymer that crystallizes slowly [6] , an 
increase in crystallinity may indeed be the signature of 
a reduction in the molecular weight. Smaller PET 
chains indeed present an enhanced mobility and are 
therefore expected to crystallize more easily. As 
shown in Fig. 2 the second heating ramp is more 
sensitive to these structural modifications because the 
differences in mobility remained hidden at room 
temperature, i.e. below Tg, but are revealed during 
the crystallization process. 

Fig. 2:  PET 
crystallinity as 
a function of 
ageing time 
under 70°C 
and 90%RH. 

The reduction in molecular weight of the PET, was 
estimated with literature data [7], by plotting the 
molecular weight (Mn) as a function of the crystallinity 
(χ): a linear decrease was observed were 
Mn~2.4 104 – 390 χ , Fig. 3.  

Fig 3: Molecular 
weight as a 
function of 
crystallinity 
extracted from [7], 
and linear 
extrapolation. 

Using this equation as a calibration curve, the 
reduction in the molecular weight of PET in the 
present study may be estimated to be close to 20 % 
after 192 days of hydrothermal ageing. Attempts to 
detect the chemical changes using infrared 
transmittance were unsuccessful.  

Barrier properties 
The quality of the barrier property was evaluated with 
the help of optical microscopy [8]. The amount of 
aluminum decreased with ageing time for all the 
studied composites. PET film metallized with 40 nm 
on two sides is the most efficient barrier, as measured 
by transparency to visible light, and probably so in 
terms of vapour permeability. 

Fig. 3: OM (Optical microscope in transmission mode 
to characterize the aluminum barrier layer over ageing 
time. 

Conclusions 

For all the investigated materials, the physical 
properties are degraded during hydrothermal ageing 
at 70 °C and 90 % RH. A chemicrystallization process 
causes an increase of the crystallinity; the molecular 
weight of the PET chain was reduced of about 20 % 
after six months of ageing. The aluminum layer is 
largely degraded with time. The PET metallized on 
both surfaces with 40 nm lead to the optimum 
physical properties over time. 
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Thermal Retrofitting of Existing Buildings: The Limits of Conventional Technology and Case for High 
Performance Vacuum Technology 

R G Ogden, S Resalati, C C Kendrick
School of Architecture, Oxford Brookes University, Oxford OX3 0BP, UK 

Abstract 

The imperative to reduce the carbon footprint of buildings will inevitably require higher levels of 
insulation. Many conventional insulation materials may be unable to practically achieve the anticipated 
performance standards due either to physical limitations, or their high embodied CO2.The amount of CO2
associated with the manufacture of many common conventional insulation materials can significantly 
offset the operational CO2 benefits arising from reduced heat losses, or cause a net CO2 disbenefit.  This 
can, contingent on various factors including service life, entirely negate any rationale for the use of 
conventional insulation materials in relation to U-values materially lower than those currently specified. 
Detailed studies carried out at Oxford Brookes University based on aggregated operational and embodied 
CO2 analyses suggest significant benefits for vacuum insulation in relation to a broad range of building 
types and design scenarios, due to the lower embodied CO2 of equivalent high R-value specifications. 
Comparisons have been made with mainstream comparator insulation materials including PUR and 
mineral wool. The aggregated methodology demonstrates particular advantages for vacuum insulation in 
relation to retrofit applications, which typically have shorter design lives and where the embodied CO2
investment has to be recovered relatively quickly.  

Keywords: Vacuum insulation, embodied CO2, retrofit, cladding systems. 

1. Introduction 

The majority of buildings that will be available 
in 2050 have already been constructed and so, 
whilst the performance standards of new 
buildings are important, it is arguably more 
critical that effective strategies are found for 
improving the thermal performance of the 
existing stock. For example, in 2010, over 
400,000 existing homes in the UK received 
cavity wall insulation and over 1 million 
received loft insulation (DECC, 2011). Despite 
these statistics, thermal retrofitting of existing 
buildings appears under-represented in the effort 
to meet carbon reduction targets. 

2. The Current Condition of Building Stock 

The built environment accounts for 43% of UK 
emissions, of which 26% is from residential 
buildings. It is estimated that about 30% of 
existing houses do not have cavity walls and 
around 42% of houses with cavity walls are not 

insulated (Centre for low carbon futures, 2011). 
In 2009, 30% of English homes failed the 
Decent Homes Standard and in approximately a 
quarter of cases this was due to poor thermal 
performance. This highlights the importance of 
thermal refurbishment solutions (DCLG, 2010). 

Similarly, in the non-residential sectors only 2% 
of the UK's existing building stock is less than 
five years old. These buildings are responsible 
for 17% of UK emissions. Around 54% of 
existing commercial buildings were completed 
prior to 1939 (DCLG, 2000). It has been 
estimated that 80% of all existing commercial 
buildings would be rated below C on the Energy 
Performance Certificate scale (Caleb 
Management Services, 2009). Retrofitting 
solutions for non-domestic building stock have 
not been widely adopted as more than two-thirds 
of the commercial and industrial properties are 
owned by short-term tenants. The energy cost is 
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a relatively low proportion of operational costs 
in many service sector companies (up to 6%) 
which may discourage owners to undertake the 
high upfront cost of thermal performance 
improvements.  

3. Combined Operational and Embodied CO2

Operational energy has in recent decades been 
assumed to be around 10 times greater than the 
total embodied energy of buildings. 
Consequently embodied energy has largely been 
ignored when framing new regulations. More 
recently however, with buildings requiring less 
operational energy due largely to current higher 
standards of envelope insulation, the ratio of 
operational to embodied energy is shifting 
significantly (Yohanis 2002). Future low and 
zero carbon buildings could see equivalence 
between operational and embodied energy, or 
even embodied energy exceeding operational 
energy. It is essential therefore that embodied 
energy is factored into refurbishment policies. If 
so, a compelling case begins to emerge for the 
development of high performance insulation 
materials.  

This paper supports the case for the development 
of novel insulation materials such as VIPs that 
combine higher thermal performance with 
relatively low embodied energy. The case is 
particularly strong for retrofit applications where 
design lives tend to be less than those for new 
build, and where embodied energy can offset a 
greater proportion of the total operational energy 
savings. The analysis presented in this paper 
however demonstrates that the approach must be 
an integral part of any holistic appraisal of 
insulation performance. Recognition of this 
represents an important and necessary paradigm 
shift.

4. Results and Discussions 

Results for all building sectors support the case 
that, whilst further reduction in U-values can 
enhance operational energy thrift, embodied 
energy issues tend to compromise this gain. For 
example, combined operational and embodied 
energy analyses for the refurbishment of 
common single span portal frame warehouses in 

the range 1000 to 3000m2  (which are obvious 
consumers of both mineral wool and PUR 
materials, and common in the UK, (UKNS, 
2008)), show that whilst increasing the 
thicknesses of either material beyond the levels 
currently specified can present some degree of 
overall energy reduction, far higher savings can 
be achieved using VIPs. The minimum 
achievable CO2 associated with using VIPs in 
comparison to the investigated conventional 
insulation materials saves about 400-1000 
million tonnes of CO2 per annum (depending on 
building size and operation criteria). This is 
about 8-20% of the CO2 associated with space 
heating (DECC, 2012).  

5. Conclusions and Outlook 

Whilst energy reduction strategies have so far 
focused on operational energy, the analyses 
demonstrate that such approaches are not 
appropriate for future low energy refurbishment 
solutions. As operational energy reduces the 
ratio of operational energy to embodied energy 
becomes relatively evenly balanced. Future 
thermal refurbishment strategies must therefore 
focus on combined operational and embodied 
energy analysis. Such analysis demonstrates 
optimum net benefit levels for insulation 
solutions beyond which it is illogical to go as 
embodied energy burdens exceed the operational 
energy saved. This provides compelling support 
for development of novel insulation solutions 
based on VIPs as conventional solutions cannot 
be justified in relation to low U-values and 
relatively short service lives.  
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Effect of core material layer thickness on thermal conductivity of glassfiber VIPs
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Abstract:

Vacuum insulation panels (VIPs) are the most promising high-performance thermal insulation products on the market today. The 
quality of core material determines thermal insulation performance of VIPs. In this paper, multiple glassfiber core material layers 
(CMLs) with thickness of 0.5mm, 1mm, 3mm, and 7mm were paralleled horizontally to form the core of VIPs. Relationship between 
thermal conductivity of VIPs and interlayer microstructure of core material was investigated. The initial total thermal conductivity of 
VIPs was lower than 4mW/(m•K) and slightly increased with total thickness of core material, but increased very big with CMLs 
thickness. Multilayer-structure core material with ultrathin CMLs is the future direction of the core of VIPs.

Keywords:
Vacuum insulation panel, Core material, Thermal conductivity, Glassfiber, Interlayer structure.

1. Introduction

Vacuum insulation panels (VIPs), with up to about 10 times 
higher thermal resistance than that of conventional insulators like 
polyurethane foams and polystyrene [1], are the most promising 
high-performance thermal insulation products on the market 
today. Due to its characteristics of light weight, low thermal 
conductivity, and physical and chemical stability, glassfiber VIPs 
have been increasingly applied to refrigerator insulation to 
reduce not only energy consumption but also CO2 emissions. 
The quality of core material determines thermal insulation 
performance of VIPs [2]. Optimizing the microstructure of core 
material could further reduce thermal conductivity and extend 
service life of VIPs. However, few literatures have focused on 
interlayer microstructure of glassfiber core material.

2. Experimental

Fig.1 shows the manufacturing process of glassfiber CMLs. The 
wet method included the following steps: providing glassfiber 
slurry; dewatering the slurry to form a wet-laid mat; drying the 
mat; and cutting the mat to form finished glassfiber CMLs. The 
length and width of the glassfiber CMLs were both 290 mm,
while the thickness was 0.5 mm, 1 mm, 3 mm, and 7 mm, 
respectively. Multiple CMLs were paralleled horizontally to form 
the core of VIPs.

Fig.1 Manufacturing process of glassfiber CMLs. 

Firstly, the core materials were dried at 150oC for 60 min, and 
then bagged in envelope material. Afterwards, the VIPs were 
produced after simultaneous vacuum and sealing processes.
Surface morphology of the core materials was observed by 
scanning electron microscopy (SEM, JEOL JSM-6360). 
Thermal conductivities of the as-prepared VIPs were evaluated 
by heat flow meter (Netzsch HFM 436).

3. Results and discussion

3.1 Microstructure
Fig. 2 shows the morphology of VIP core material. As shown in 
Fig. 2(a), the invested VIP core material consisted of glassfiber
CMLs which were separated by multiple parallel laminates. The 
mean thickness of the laminates was about 0.1 mm. As shown 
in Fig. 2(b), the VIP core material consisted of a mass of 
randomly oriented, super cooled glossy fibers of varying lengths 
and diameters. The average diameter of the glass fibers was 
about 2~6

Fig. 2 Morphology of VIP core material. 

3.2 Thermal conductivity analysis
tot of VIPs is made up of several 

contributions in principle [3, 4]: 
           tot = solid + gas + conv + rad                                     (1)
where solid gas is the gas 

conv is the convection thermal conductivity, 
rad is the radiation thermal conductivity. Among the 

contributions, the conv is considered to be an ignorable level for 
cell diameters less than 4 mm [5]. Fig. 3 shows the relationship 
between thermal conductivity of VIPs and total thickness of core 
material. In this paper, t tot of VIPs possessing CMLs 

(a) Macrostructure                   (b) SEM micrograph                                   

Glassfiber core material layer                  

(d) cutting the mat               (c) drying the mat                    

(a) providing glassfiber slurry        (b) dewatering the slurry               
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thickness of 0.5mm, 1mm, 3mm, an tot-
0.5mm tot-1mm tot-3mm tot-7mm, respectively. T tot of 
VIPs was lower than 4mW/(m•K) and slightly increased with 
total thickness of core material. Meanwhile, VIPs with low-
thickness CMLs possessed lower thermal
conductivity.
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Fig. 3 Relationship between thermal conductivity of VIPs and 
total thickness of core material. 

Fig. 4 shows the interface model between layers. Only a part of 
CMLs surface was pressed together when two CMLs were 
horizontally put together because of high surface roughness; and 
the contact area was a few discrete points separated by 
relatively large gaps. Some residual gases could lie in the large 
gaps which was called air gap in this paper. In general, the size 
of air gap was bigger than that of pores within CMLs.

Fig. 4 Interface model between layers. 

The pressure within VIP enclosure was much higher than that 
within vacuum chamber due to extraction resistance. Most of 
released gases were pulled out of vacuum chamber during 
vacuum process. However, it was difficult to pump down all of 
the gases which existed in the VIP enclosure. In addition, 
multilayer-structure CMLs might release some gases constantly 
at a slow rate during the service life of VIPs. Hence, a small 
quantity of gases existed within VIP enclosure. A part of residual 
gases existed in the pores of CMLs while the other part lied in 
the air gaps between CMLs. At the initial stage, the inner 
pressure of VIPs and the mean pore diameter of glassfiber CMLs
were about 1 Pa and about 15 It was reported 
that the mean free path of air was 5 mm at a pressure of 1 Pa 
and temperature of 25oC [6]. The micropores within CMLs made 
by fiber network could effectively block the gas molecules from 
flowing freely; and thus the convection phenomenon could not 
occurred in micropores. The large pores, especially for 
interconnected macropores between CMLs, provided flow 
channels for residual gases. Therefore, the convection 
phenomenon mostly occurred between CMLs and thus increased 
the tot. The number of air gap increased with the number of 

CMLs at the same surface roughness of CMLs. Therefore, the
tot of VIPs increased with the total thickness of core material with 

the same-thickness CMLs. It is noteworthy that the proportion of 
conv was not high and the conv would not cause great impact on

the tot of VIPs. Hence, tot of VIPs slightly increased 
with total thickness of core material with the same-thickness 
CMLs.
The solid occupies the most proportion of the tot of VIPs. As we 
know, the solid thermal conductivity of a fibrous structure is 
greatly influenced by fiber-to-fiber contact area at the fibers’ 
crossover points; and the fiber-to-fiber contact area increased
with compression ratio of core material. Arambakam et al. [7]
declared that there was no noticeable influence on tot of VIPs for 
in-plane arrangement of fibers. Table 1 shows the density and 
compression ratio of the four types of CMLs. The compression 
ratio could be described by the following relation:

h
hh                                                    (2) 

where h0 is the original thickness of core material, while h1 is
thickness of core material in vacuum environment.

Table 1 Density and compression ratio of the four types of core 
material layers. 

Thickness, mm Density, kg/m3 Compression ratio, %
0.5 110 48
1 150 32.7
3 170 21.8
7 172 21.3

The core material was highly compressed due to the huge 
pressure difference between the outside atmospheric 
environment and the inner space inside. Fiber parallelism 
increased under highly compressed samples as the vertical 
arranged fibers in core material layers were planished; and thus 
the heat transfer path was extended. Therefore, the solid
decreased. Core material with 0.5 mm-thickness CMLs
possessed the highest compression ratio; and thus the solid
thermal conduction solid was lowest. As a result, tot-0.5mm < tot-
1mm < tot-3mm < tot-7mm. 

4. Conclusions and outlook
VIP core materials were successfully manufactured by wet process. 
Thermal conductivity of VIPs increased with total thickness of core 
material and thickness of CMLs. Multilayer-structure core material with 
ultrathin layers is the future direction of VIPs.
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Abstract:
The superior insulation properties of vacuum insulation panels (VIPs) provide new opportunities for the building industry. A 
typical VIP consists of an envelope and a core of fumed silica. For economic reasons, new methods for producing aerogel core 
materials with properties comparable to those of fumed silica are being investigated. This calls for fast and reliable methods for 
measurements of thermal properties. This study compares alternative methods for evaluating the thermal conductivity of core 
materials in terms of time, sample size and boundary conditions. The thermal transmissivity is studied through stationary 
measurements with a hot plate apparatus and with the Transient Hot Bridge method as well as with the Transient Plane Source 
method. There are small differences in the results while the preconditions of the measurements are different. In addition the 
dynamic measurement methods allow for the determination of the thermal diffusivity of the samples.

Keywords:
Vacuum insulation panels (VIPs), Core material, Nanoporous materials, Silica aerogel, Thermal conductivity 
measurements

1. Introduction

Vacuum insulation panels (VIPs) provide new
opportunities for obtaining excellent thermal insulation 
material with light and slender constructions as well as 
with a thermal resistance that is about 10 times better 
than conventional insulation materials. A typical VIP, as 
known today, consists of a core of fumed silica enclosed 
with a multilayer aluminum polyester film envelope, while 
the air is evacuated from the inside. (Cremers 2005)

The mechanisms of thermal transfer across the VIPs 
core material include gaseous and solid conductions as 
well as radiation, with negligible gaseous convection due 
to extremely small pore sizes and low pressure. 
Radiative heat exchange between the interior surfaces is
reduced by the use of opacifiers. Conduction through the 
collision of gas molecules can be diminished by using 
core material with pore size less than the mean free path 
of the gas molecules. Nanoporous materials make 
excellent candidates for core material. Aerogel, fumed 
silica and precipitated silica offer some of lowest thermal 
conductivity ranges owing to low density, large surface 
area and small pores in Nanoscale range [1, 2]. Silica 
aerogel material has therefore been suggested as VIP 
core material.

Aerogel for example, has a large surface area (~1600 
m2·g-1) and pores in the range between 5 and 100 nm [3].
These pores occupy about 80 to 99.8% of their total bulk 
volume. A bulk density as low as 0.003 g·cm-3 has been 
reported, while for typical application aerogel with values 
of about 0.07-0.15 g·cm-3 is used. A low thermal 
conductivity of 0.017-0.021 W·m-1·K-1 at ambient 
pressure has been established (Hüsing 1998 and 
Baetens 2010). Fumed silica on the other hand has 
porosity greater than 90% and a bulk density in the range 
of 0.06-0.22 g·cm-3. The material also has a specific 
surface area in the range of 100-400 m2 g-1 which varies 
with the particle size and a maximum pore size value of 
about 300 nm has been reported by Gun’ko [4]. A 

thermal conductivity of about 0.02 W·m-1·K-1 at 
atmospheric pressure has been proven [5, 6].

A good insulation material is the one where the sum of 
the contributions from radiation and solid conduction is at 
a minimum. This in addition to the gas (air) conduction 
0.026 W·m-1·K-1 for conventional insulation gives a total 
thermal conduction down to a minimum around 0.030 
W·m-1·K-1. For nanoporous material such as aerogel or 
fumed silica the gas conduction may be reduced to 0.015 
W·m-1·K-1 or below, even at atmospheric pressure owing 
to their nanoscale pores. Despite their obvious technical 
advantages, their utilization in building industry is limited 
due to their high market price [2-5]. The current 
manufacturing processes of silica aerogel thermal 
insulating materials is laborious and uneconomical [4, 7].
New and economical methods for producing aerogels 
with properties comparable to those of fumed silica are 
therefore being pursued.

2. Measuring methods

Thermal conductivity measurements can be carried out
with steady state or transient laboratory measurements.
When no heat is stored in or generated from a body the 
temperature in each point will remain constant with time 
and the conditions are defined as steady-state. The 
thermal transmissivity can then be studied through 
stationary measurements with a plate apparatus. In this 
study the apparatus consists of two independent flat 
tanks of stainless steel, in which Glytherm-10 is
circulated in order to keep the surfaces at constant 
temperatures. The lower warmer tank is connected to a 
temperature controlled liquid vessel (Lauda K4R) where 
the temperature is kept constant with an accuracy of ±0.2 
°C, while the colder tank on top is connected to a 
temperature control unit (Kebo-Grave) that keeps the 
temperature constant with an accuracy of  ±1°C. The 
dimensions of the lower and upper tanks are 500×1000 
mm2 and 500×500 mm2 respectively, while the samples 
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are placed in a cylindrical void in the center of a low 
conductive insulation material consisting of a hard 
polyurethane sheet with a size of 400×400×20 mm3. The 
report of Björk et al. [8] gives further account of the 
method.

This work also contains the thermal conductivity 
measurements based on transient theory with the 
Transient Hot Bridge (THB) method (DIN EN 993-14, DIN 
EN 993-15) as well as with a Transient Plane Source 
(TPS) method, (TPS 2500S-ISO/DIS 22007-2.2). The 
TPS method developed by Gustafsson [9, 10] is a 
modified version of the Transient Hot Strip method [11].
The TPS method has been described in detail by Log et 
al. [12], with theoretical considerations having been 
summarized by He [13]. The measuring procedure is 
similar to that of the THB method with both methods 
being based on the transient temperature increase 
caused by heat supply over a circular surface, but a 
difference can be observed between the measurement 
probes. In the TPS technique (recognized in ISO 22007-
2), a constant electric power is passed through a double 
metal spiral between two layers of 25 µm thick Kapton 
metal. This sensor acts both as a heat source for 
increasing the temperature of the sample and a 
“resistance thermometer” for recording the time 
dependent temperature increase. In the case of both the 
TPS and the THB method, the voltage across the 
“meander spiral” is registered during the measurement. 
The temperature rise can be related to the thermal 
transport properties of the surrounding materials. The 
rate of change in the registered voltage corresponds to 
the resistance variation of the metal spiral when the 
electric power is held constant. This gives both The 
thermal conductivity and thermal diffusivity of the sample.

Fig. 1: The arrangement of the Hot plate apparatus at the 
left hand side and a self-made apparatus applied with 
TPS method at the right side.

3. Result and discussions

The transient measurements were carried out with a 
sample temperature of 25°C while the hot plate 
measurements had an average plate temperature of 
25°C. The duration of the transient measurements were 
in the range of 45-60 seconds for the THB method and 
the TPS method had a measurement time of 160 s, while 
an initial time of up to 20 minutes is needed for the 

sample to achieve the desired test temperature. The 
steady state measurements lasted 12 hours, the duration 
of which is based on observation of the variations in the 
monitored data from the temperature sensors as well as 
heat flow meters at the initial experiment times. Hence,
the calculation of the mean value did not include the 
initial transient for the temperature changes when the 
heat capacity in the samples has an influence on the 
recorded data.

Table 1: The thermal transport properties measured with 
Hot Plate Apparatus (HPAa), THB and TPS methods.

Samples
Thermal

conductivity
mW/m·K

Thermal
diffusivity

mm/s

A -P100
HPAa

THB
TPS

19.801
23.48
21.52

-
0.1183
0.1827

B
HPAa

THB
TPS

35.958
36.38
36.01

-
0.2509
0.2386

C
HPAa

THB
TPS

34.146
38.57
34.80

-
0.2071
0.1822

4. Conclusions and outlook

The methods give results with a greatest difference of 
about 15% between hot plate method and THB method. 
While the stationary hot plate method might be 
considered somewhat simpler to conduct, the transient 
methods offer other possibilities. Not only do they offer 
significantly less measurement time but the possibility to 
use a much smaller test sample, the latter giving an 
advantage when producing new materials in the 
laboratory. In addition, the transient methods provide 
information about the thermal diffusion coefficient of the 
material. At current the cost of acquiring the equipment 
for the transient measurements is greater.
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Effect of blow-off rate on the envelope material and vacuum insulation panel 

Abstract:
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Effect of rotating speed on the diameter and distribution of ultrafine glass fiber  
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Abstract: The effect of rotating speed on the diameter and distribution of ultrafine glass fiber has been studied by 

scanning electron microscopy (SEM) and vertical optical microscope (VOM). With the increase of rotating speed from 

1800 rpm to 2800 rpm, the mean fiber diameter decreased from 7.2 µm to 3.2 µm, and the geometric standard deviation of 

the normal distribution curve also decreased from 3.84 to 1.32, indicating the distribution of glass wool become more 

uniformity. The relationship between mean fiber diameter and rotating speed is fitted by the equation d=aω1.6. The results 

show that the rotating speed has a direct and pronounced effect on the fiber diameter and distribution. 

Keywords: Ultrafine glass fiber, CSB process, Rotating speed, Fiber diameter 

1. Introduction 
Glass fiber has been widely used for thermal insulation in 

VIP materials [1-4], or reinforcing fibers in composite 

materials [5,6] The fiber diameter and diameter uniformity 

of glass wool have an important impact on the thermal 

insulation properties of finished products (panel, felt and 

pipe). The smaller the glass fiber and the more uniform 

the fiber distribution, the better the performance of thermal 

insulation. Hence, it is necessary to decrease the fiber 

diameter and improve the distribution of glass fiber. 

In this paper, ultrafine glass wool was fabricated by CSB 

process with different rotating speed of centrifugal pan 

from 1800 rpm to 2800 rpm. The fiber diameter and 

distribution have been studied by using scanning electron 

microscopy (SEM) and vertical optical microscope (VOM).  

2. Experimental Details 
The ultrafine glass wool was fabricated by CSB process in 

Suzhou VIP New Material Company. Fig.1 is the 

schematic diagram of CSB process.  

Fig.1Schematic diagram of CSB process   

In order to study the effect of rotating speed on the fiber 

diameter and distribution, other parameters were fixed in 

this experiment. The rotating speed varied from 1800 to 

2800 rpm. The fiber diameter and distribution of glass 

wool were observed by SEM (JEOL JSM-6360) and VOM 

(XJL-03). The SEM samples were coated with thin gold. 

The fiber diameter of glass wool was measured in 

accordance with the standard procedure of GB/T 7690.5. 

The histogram of the fiber diameter and the normal 

distribution curve of the glass wool were derived 

according to the data observed by VOM. 75 points (fibers) 

were observed for each sample. 

3. Results and Discussion 

Fig.2 SEM images of glass wool by different rotating 

speed: (a) 1800 rpm; (b) 2000 rpm; (c) 2200 rpm; (d)2400 

rpm; (e) 2600 rpm; (f) 2800 rpm. 
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Fig.2 is the SEM images of glass wool prepared by 

different rotating speed from 1800 rpm to 2800 rpm. The 

surface topography of fibers become smooth and the 

fibers become uniform when ω=2200 rpm, as shown in 

Fig.2(c), which indicated that ω=2200 is a key point. 

Some short fibers are seen in Fig.2(f), which indicated 

that the rotating speed was too fast and the centrifugal 

force was too strong. 

According to the results observed by VOM, the histogram 

and the normal distribution curve of the glass fiber are 

plotted in Fig.3. The mean fiber diameter and geometric 

standard deviation of normal distribute curve vs. rotating 

speed is shown in Table 1. With the increase of rotating 

speed from 1800 rpm to 2800 rpm, the mean fiber 

diameter and the geometric standard deviation decreased 

from 7.2 to 3.2 µm, and 3.84 to 1.32, respectively. 

Therefore, the rotating speed has a direct effect on the 

fiber diameter and distribution.  
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Fig.3 The histogram and normal distribution curve of glass 

wool: (a) 1800rpm; (b) 2000rpm; (c) 2200rpm; (d) 

2400rpm; (e) 2600rpm; (f) 2800 rpm. 

Table 1 the mean fiber diameter and geometric 

standard deviation vs. rotating speed 

Rotating speed 

(rpm)

Mean fiber 

diameter (µm) 

Standard 

deviation 

1800 7.2 3.84 

2000 6.0 3.42 

2200 4.8 2.87 

2400 3.9 1.86 

2600 3.5 1.63 

2800 3.2 1.32 

The mean fiber diameter of fluid obtained by CSB 

process is mainly controlled by the centrifugal stage. The 

mean fiber diameter for centrifugal atomisation obeys the 

following equation [10]:

K Qd
D

where d is the mean fiber diameter, K is a constant, ω is 

the rotating speed, σ is the surface tension of fluid, Q is 

the flow rate of fluid, ρ is the density of fluid, D is the disk 

diameter of centrifugal pan.  

According to the data of Table 1, the relationship between 

mean fiber diameter and rotating speed is fitted by the 

equation d=aω1.6, as shown in Fig.4.  
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Fig.4 Mean fiber diameter vs. rotating speed 

4. Conclusions  
The results show the rotating speed has a direct and 

pronounced effect on the fiber diameter and distribution. 

The higher the rotating speed, the smaller the mean fiber 

diameter, and the higher the uniformity distribution of fiber 

diameter. The optimum rotating speed is about 2600 rpm. 
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Glass Wool Core Material Produced by Dry process 
  

Abstract:
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Vacuum insulated panels to fit perfectly the special requirements by refurbishments 

Abstract:

Keywords: 

1. Starting point 

Starting Buildup: 

Construction Material Thickness
[cm]


[W/mK]





Calculated U-Value: 0.74 [W/m²K]

Additional Challenges: 
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2. Refurbishment proposal:

Construction Material Thickness
[cm]


[W/mK]




New calculated U-Value: 0.17 [W/m²K] 

Final execution: 



3. Conclusions
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Study of heat sealing of polymer-metal multilayers used for vacuum insulation panels 
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Abstract:   
Polymer-metal multilayers have been widely used for decades in packaging industry, and more recently for vacuum 
insulation panels (VIPs) for building applications. For mechanical and barrier properties, the seal could represent a 
weak zone. The aim of this paper is to investigate the heat sealing properties of multilayer films composed of one 
sealant layer and one or three polyethylene terephtalate (PET) layers coated or not with aluminum. Two sealant 
materials have been studied: polyethylene (PE) and polypropylene (PP). The quality of seal was quantified by peeling 
test and the failure modes were observed during these tests. 
In order to optimize the set of heat sealing parameters, several mechanical and morphological parameters were 
optimized and compared to failure mechanism evidenced during peeling tests. The influence of sealing temperature 
and dwell time were first studied for sole sealant material (PE or PP). Then the influence of additive layers was 
estimated using multilayer. A comparison between the simple film and the multilayer and a study of influence of 
sealant material were performed in terms of range of optimal heat sealing parameters and mechanical behavior of 
seals.  

Keywords: 
Vacuum insulation panels (VIPs), Sealing, Mechanical properties.    

1. Introduction 

Polymer-metal multilayers have been widely used for 
decades in packaging industry and more recently in 
building, as the envelope of vacuum insulation panels 
(VIPs). The use of multilayer structures enables to 
have good level of barrier to gas, combined with 
sufficient mechanical properties. In both cases the 
seal corresponds to the weakest zone. Even if the 
optimization of the heat sealing parameters of single 
layer films have been the subject of many 
investigations [1, 2], the heat sealing of multilayer has 
been less studied [3, 4]. Thus the aim of this study is 
to investigate the heat sealing properties of multilayer 
films, and to compare them to that of a single layer.  

2. Experimental 

Materials . The multilayer films are composed of 
one polyethylene (PE) or polypropylene (PP) layer 
and one (Complex 1-1) or three (Complex 3-1) 
polyethylene terephtalate coated or not with aluminum 
[5]. The low density polyethylene (LDPE) or 
polypropylene (PP) were employed as the sealing 
material: a control film was sealed and characterized 
for comparison. 

A : Peeling failure

B1 : Tearing failure

B2 :Breaking of the 
sealant layer at the 

edge of  the seal

B3 :Breaking of the 
sealant layer at the edge

of  the seal
+ Delamination between

PE and PET layers

C : Peeling and tearing
+ Delamination between
sealant and PET layers

Increase in Mechanical
strength of sealed zones

Figure 1.  Schematic illustration of failure modes 
observed in multilayer films 

Methods . Heat-seals were performed in the 
laboratory using Medsealer 460 MSID (K) heat sealer 
(Francopack). The pressure was fixed at 240 kPa and 
different experimental conditions were tested, varying 
dwell times: from 1 to 90 s and sealing temperatures 
from 110 to 180°C for multilayers with PE sealant 
layer and from 180 to 220°C for multilayers with PP  
sealant layer. Strips 25 mm wide were used for T-peel 
test at 90°. The samples were peeled at room 
temperature in an Instron mechanical testing 
machine, using a 2kN load cell. The constant rate of 

91



IVIS2013  
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, Empa, Switzerland

IVIS2013 
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, Empa, Switzerland  

77

loading 100 mm.min-1 was chosen and the force F (N) 
and displacement (mm) were recorded during the test. 
In this report, the raw data show the force divided by 
the width (F/W) as a function of the displacement. The 
maximum force (Fmax) divided by the nominal width 
(W) and the thickness (e) of the film is commonly 
employed to quantify the quality of the seals and 
defined as apparent seal strength SS. In addition, the 
failure modes of each test were carefully examined, 
Fig. 1. 

3. Results and Discussion  

As shown previously in the literature [1, 2] with 
monolith films, the most influencing heat-sealing 
parameter is the temperature. This remains true for 
multilayer films. In addition the sole observation of 
failure modes enables to estimate the set of 
parameters to optimize the mechanical strength of the 
seal. In fact, the “peeling and tearing mode” (C-mode 
in Fig. 1) corresponds to the maximal seal strength of 
the seal [6]. This is further confirmed by the effect of 
temperature or dwell time on the seal strength.  
Even if the study of multilayer sealing presents some 
similarities with one of simple film: the range of 
optimal heat sealing parameters, which was included 
within that of LDPE film, some differences were 
evidenced, Fig.2. A reduction of the optimal time-
temperature range was observed for multilayer with 
LDPE layer. The latter shrunk a lot with increasing the 
number of PET layers, and even vanished with PP as 
sealing layer. In this case no C mode could be 
observed, even with a large number of samples in the 
vicinity of the optimal temperature as revealed by 
DSC experiments. A real advantage for using 
multilayer was however evidenced in this study. The 
stiff PET layer, compared to flexible PE or PP sealant 
layer, improves the mechanical behavior of the 
structure, and significantly enlarged the maximal 
strength. 

4. Conclusions 

In this study, a method of optimization of heat sealing 
parameters was developed based on the observation 
of failure modes after peeling tests.  
This work has allowed highlighting the interest of 
multilayer for sealing: an overlap of the range the 
optimal heat sealing parameters with the one of the 
sole sealant material and a more elevated mechanical 
strength of seal in the case of multilayer.  
It would now be interesting to study other sealant 
materials in multilayer and more particularly the 
influence of the number, the nature (in chemical and 
mechanical terms) of the different layers of the 
multilayer.  
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Figure 2.  Range of optimal heat sealing parameters 
for two sealant layers (PE and PP) and for two 
multilayers “Complex 3-1”  
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Abstract:   
Nanostructured silica powders are mainly used in the formulation of the Vacuum Insulation Panel (VIP) cores, 
especially the pyrogenic types. Previous studies indicated on silica ageing induced by the direct exposure to coupled 
humid atmosphere and temperature. This mechanism is characterized by a modification of the physical and 
microstructural properties of the silicas: increase of surface hydrophily and decrease of the specific surface area as 
well. New recent ageing tests demonstrate that this silica ageing phenomenon occurs also inside VIPs. As these 
properties impact directly on the core material performances, these results lead to the necessity to include this 
parameter in the VIPs ageing simulations. Furthermore, as the water adsorption capacity of the silica is determined 
by sorption isotherm measurement, a second consequence of this ageing phenomenon is the necessity to select 
suitable characterization method, in particular between gravimetric and volumetric ones.

Keywords:
Vacuum insulation panels (VIPs), Core, Hydric behavior, Ageing

1. Introduction

For two ageing studies, pure silica powders and 
commercial VIPs containing core material, composed 
of 90 mass percent of a fumed silica powder, were 
exposed to various humid atmospheres for long times. 
Hydrous properties and specific surface area of the 
porous materials were measured.
  
2. Ageing studies

Study 1 : pure silicas ageing in climatic chambers[1]

Pure silica powders samples were stored in various 
humid atmospheres generated in climatic chambers. 
Various parameters were assessed such as: 

- Mass of samples after stabilization at 20°C-44%RH, 
- ABET : specific surface area by N2 adsorption, 
- H2O : total (Chemically and physically [2])

adsorbed vapor water surface concentration by 
TGA analysis, 

- VOC identifications and concentrations by 
combination of 1H, 13C, 29Si MNR techniques and
carbon mass concentration measurement. 

Study 2 : Commercial VIPs ageing
Three commercial VIP references having the same 
core material were exposed to high temperature and 
high humidity atmospheres for more than one year. 
The mass of core material is composed of 90% fumed 
silica (noted as FSx) + 5% PET fibers + 5% SiC. PET 
fibers and Sic have negligible and stable vapor 
adsorption capacities compared to FSx. 
The VIPs weight variation was noted. Water vapor 
uptake capacity at 25°C of the core materials and of 
the fumed silica itself was measured by volumetric 
adsorption method achieved by an automatic very 
accurate apparatus (BELSORP AQUA3, BelJapan) 

after degassing between 140°C and 150°C in 
vacuum.  

3. Results and discussions
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Fig 1: Surface concentration of chemically and 
physically adsorbed water vapor ( H2O) of fumed silica 
HDK T30 as function of the ageing time – Specific 
surface area (ABET) at 200 days. 

Fig 1 presents the evolution of H2O and ABET of a 
fumed silica (HDK T30) established from Study 1.
This study brings out that an evolution of the 
microstructure and hydrophilic behavior of silica 
powders is effective when exposed to humid 
atmospheres. The main tendency is as follows:
higher the humidity and higher the temperature, 
higher is the increase of the water adsorption surface 
capacity and higher is the reduction of the specific 
surface area. Furthermore, a non expected result 
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was acquired thanks to this study: those ageing 
tendencies may strongly be modulated by a VOC
adsorption. Thus, in Fig 1, the decreases of water 
concentrations observed for several conditions are 
due to hydrophobic VOC generated by the climatic 
chambers themselves.

Table 1: Mass humidity , Specific surface area ABET
and VIP mass variations measured in Stud.2 (FSx
mass humidity measurements are presented for 
comparison)

Material Treatment
ABET 

(m2/g)
  

(25°C-50%RH)
VIP mass 
variation

VIP-1
Core

70°C-90%RH 
540 days 134 2.24% +5.0%

VIP-2
Core

70°C-90%RH 
400 days 155 2.41% +5.3%

VIP-3
Core

50°C-90%RH 
540 days 142 2.23% +5.0%

FSx Initial state 200 0.94% - 

FSx
23°C-80%RH 

30 days 170 2.89% - 

Table 1 and Fig 2 present Study 2 results. Another 
observation is no inside vacuum loss was noted on the 
VIPs. Thus, the VIPs mass uptakes associated to the 
fact that water vapor adsorption of core materials are 
closed to aged FSx demonstrate that the same
evolution of silica powder occurs inside VIPs as well
(i.e. increase of surface hydrophily and decrease of 
specific area). 
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Fig 2 : Water vapor adsorption isotherms at 25°C of 
aged VIP cores and of pure FSx silica measured by 
volumetric adsorption method.

All of these results demonstrate that the determination 
of hygroscopic sorption properties, using desiccators 
with salt solution or climatic chambers, as required by 
the NF EN ISO 12571[3] standard, is not adapted for 
silica powders and silica powders based core 
materials. Indeed, the application of the standard may 
induce a modification of the silica during the test itself, 
altering its hydrous properties in its initial state. Due to 

their short time execution (about 3 days for complete 
adsorption and desorption curves) volumetric 
adsorption method driven by automatic systems 
allows to assess the effective vapor sorption isotherm 
of silica powders in a given moment. The comparison 
of vapor sorption isotherms measured by both 
methods in Fig. 2 exhibits this fact. 

In addition to the previous observation, the idea 
consisting in estimating the VIPs internal vapor 
pressure by measuring the VIP mass variations and 
linking it to a non aged core material vapor isotherm is 
also not applicable. As illustrated in Fig. 3, for a same 
mass humidity , the corresponding vapor pressure 
changes with the evolution of the hydrophilic behavior 
of the silica powders during their ageing. 
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Fig 3: Comparison of water vapor adsorption isotherms
measured by volumetric and gravimetric methods on a 
fumed silica (FS) and a precipitated silica (PS). 

4. Conclusions and outlook

The necessity to select suitable characterization 
method, in particular between gravimetric and 
volumetric ones, for measuring the water adsorption 
capacity of silica powders has to be considered. In 
addition, the hydrophilic behavior of the core materials 
during VIP ageing has to be considered as well for the 
prediction of its long-term performances.
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Abstract:
Vacuum insulation panels (VIPs) have thermal resistance values up to 10 times or more than those of conventional 
thermal insulation materials. In Canada, known for its predominantly extreme cold climate, the potential to apply VIPs 
in the building construction industry is estimated to be enormous, particularly with the introduction of the new 2011 
National Energy Code of Canada for Buildings (NECB 2011) that aims to achieve 25% less energy use in buildings
than the energy code requirements set in 1997. VIPs can play a major role in Canadian buildings to meet the new 
requirements of the NECB 2011. However, lack of long-term performance credentials and various constructability 
issues are perceived to be the major barriers for mass application of VIPs in the Canadian construction industry. 
This paper presents the thermal performance monitoring observations of a VIP retrofitted wall system in Yukon, 
located in Northern Canada, known for its sub-arctic weather.

Keywords:
Vacuum insulation panels, Arctic climate, Retrofit, Long-term performance.

1. Introduction
The territory of Yukon, located in Northern Canada, is 
known for its sub-arctic weather, and because of its 
climate, thermal insulation plays a very important role 
in building envelope construction in this region [1].
Use of high performance, lightweight and thin vacuum 
Insulation Panels (VIPs) in northern buildings is 
potentially an attractive option for the construction 
industry because of its high insulation value per unit of 
thickness, and low material volume [2]. Regional 
stakeholders1 and researchers collaborated to retrofit 
a portion of the exterior of an institutional building in 
Yukon with VIPs. This paper summarizes the 
construction details of the instrumented VIP retrofitted 
wall system and critical analysis of selected thermal 
performance data from winter months.

2. Work plan
The overall work plan of this project can be classified 
under three major tasks:
Task 1: Laboratory characterization of thermal 
performance of VIPs.
Task 2: Construction and instrumentation of VIP 
retrofitted wall.
Task 3: In-situ thermal performance assessment of 
VIPs.

3. Thermal performance of VIPs

The dimensions of VIPs used were 560 mm (length) x
460 mm (width) x 12 mm (thickness). 

1Yukon Technology Innovation Centre, Yukon Housing 
Corporation, Energy Solutions Centre

The thermal characteristic of one VIP specimen was 
examined before field installation and the R-value per 
in. of VIP was found to be nominally 42.5.

4. Construction and instrumentation
The cross-section of the VIP retrofitted wall is shown 
in Figure 1 below. The wall selected for retrofitting 
was approximately 8.3 m (27 ft.) wide and 3.7 m (12 
ft.) high. It was comprised of 38 x140 mm (2x6) wood 
studs with fibreglass batt insulation and a concrete 
block exterior, with a nominal total insulation value of 
RSI 3.5 (R-20). The retrofit insulation goal for this was 
based on previous studies which showed that the 
economic wall insulation level in northern locations is 
in the order of RSI 8.8 - 10.5 (R-50 to R-60). The 
retrofit increased the nominal R-value from 20 to 
about 50, with R-21 coming from the VIPs.

Fig 1: VIP retrofitted wall cross-section with 
instrumentation (T: Thermocouple)

Existing Exterior 
6 mil Polyethylene 

25mm XPS Insulation
VIP

6 mm doam foam
25mm XPS Insulation

Steel Siding 

T32

T35

T34 T36

T37

T38

T39
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Temperature sensors (Figure 1) were placed to 
assess the effectiveness of thermal insulation by 
measuring the temperature on the existing wall 
surface, on the exterior of the first polystyrene layer, 
on the exterior surface of the VIPs, and on the exterior 
surface of the second polystyrene layer. 
Thermal (infrared) images of the original and VIP 
retrofitted wall were also taken at the construction 
site.

5. Results and discussions
Thermal image of the wall was taken at the site before
and after the exterior insulation retrofit (Figure 2). 
Although the ambient temperature is higher than it 
was when the first infrared image was taken before 
adding insulation, it is clear nonetheless the area with 
the greatest heat loss is over the 50 mm x 75 mm (2” 
x 3”) support members which are not covered with 
VIPs.  

(a) Pre retrofit (b) Post retrofit
Fig 2: Infrared Image of the wall

In order to examine the performance of the VIP within 
the wall assembly, the temperature difference across 
each of the three exterior insulation layers was 
monitored and then expressed as percentage (Table 
1) to total temperature drop across the exterior 
insulation. The results in Table 1 show that the 
temperature difference across the VIP is 70% of the 
total temperature difference.  Each of the dates shows 
approximately the same results.

Table 1: Percentage temperature difference (selected 
dates)

Date
% Delta T

1st 
XPS

(interior) VIP

2nd 
XPS

(Exterior)

20-Dec-11 (0:00 to 6:00) 14% 70% 17%

20-Jan-12 (0:00 to 6:00) 13% 70% 17%

20-Feb-12 (0:00 to 6:00) 14% 70% 17%

20-Mar-12 (0:00 to 6:00) 13% 69% 18%

14-Apr-12 (0:00 to 6:00) 13% 69% 17%

Average 13% 69% 17%

This table also shows no significant changes over 
time in the relative performance of the VIP.  That is, 
the percentage of the temperature difference across 
the VIP has not changed significantly from December 

2011 to April 2012. A graph (Figure 3) showing 
percentage of the temperature difference across each 
of the three insulation layers using hourly averages for 
the entire time period also reaffirms this observation.

Fig 3: Percentage temperature difference (entire time 
period)

6. Conclusions and outlook
The results from the first winter field monitoring of the 
VIP retrofitted wall assembly, constructed in the sub-
arctic climate of Yukon (Canada), clearly indicate that 
there were no significant changes over time, apart 
from the initial aging indicated in laboratory tests, in 
the relative in-situ performance of the VIP during the 
time period from December 2011 to April 2012.  This 
will be examined further in future to determine if there 
are any reductions in the R value of the VIP over 
extended time period.
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Abstract: 
A key strategy in order to achieve energy-efficient buildings is the development of high performance thermal building 
insulation materials and solutions, also often denoted as superinsulation. One possible and promising way to reach 
these advanced insulation materials is to exploit the Knudsen effect, where the gas thermal conductivity is reduced as 
the pore diameter in a material is decreased below the mean free path of the gas molecules, i.e. in the nanometer 
range. These nano insulation materials (NIM) utilizing the Knudsen effect, and also addressing radiation and solid 
state thermal conduction aspects, may be made by miscellaneous production techniques. This work summarizes and 
investigates various experimental pathways for achieving superinsulation through nano insulation materials. Among 
the different pathways explored, are various techniques to make hollow silica nanospheres (HSNS), e.g. by using 
selected sacrificial template methods. 

Keywords: 
Superinsulation, nano insulation material, NIM, silica, hollow, nanosphere. 

1. Introduction 
In the years to come energy-efficient buildings will 
increase in demand. In that respect high performance 
thermal building insulation materials and solutions will 
play an important role, where one possible and 
promising way to tailor-make superinsulation is to 
exploit the Knudsen effect by decreasing the gas 
thermal conductivity by decreasing the pore diameter 
in a material below the mean free path of the gas 
molecules, i.e. in the nanometer range. Hence, the 
objective of the work reported herein is to summarize 
and explore various experimental pathways for 
achieving superinsulation through nano insulation 
materials (NIM) [1-5]. Special focus is given on hollow 
silica nanospheres (HSNS) being manufactured by 
utilizing selected sacrificial template methods. 

2. Experimental Pathways 
The first experimental attempts were carried out along 
three paths, namely membrane foaming, gas release 
and templating. The idea of membrane foaming is to 
produce foams with nanoscale bubbles, followed by 
condensation and hydrolysis within the bubble walls to 
obtain a silica nanofoam, where a gas is pressed 
through a membrane to obtain bubbles with controlled 
size. As no surfactant was found that could stabilize 
nanofoams long enough, this path has so far been 
abandoned. The gas release method requires 
simultaneous formation of nanosized gas bubbles 
throughout the reaction system, followed by hydrolysis 
and condensation to form a solid at the bubble 
perimeter, where the bubble formation could be 
achieved by either evaporation or decomposition of a 

component in the system. This method is similar to a 
process described by Grader et al. [6], where crystals 
were heated to produce foams with closed cell 
structures. Due to various experimental difficulties the 
gas release approach has at the moment been 
terminated. Utilizing the templating process, a 
nanoscale structure in the form of a nanoemulsion or 
polymer gel is prepared, followed by hydrolysis and 
condensation to form a solid. Our starting point was 
based on the work by Du et al. [7], who used the 
method to prepare antireflection coatings, and the 
work by Wan and Yu [8]. For further details it is 
referred to our initial experimental work [5]. In the 
following results from utilizing the template method 
forming HSNS will be presented. 

3. Hollow Silica Nanospheres 
Currently, our NIM research is mainly focused on 
various attempts to tailor-make HSNS by 
manufacturing and applying different sacrificial 
templates, synthesis procedures, parameter 
variations, and inner diameters and shell thicknesses 
of the nanospheres. It should be noted that the future 
NIMs may not necessarily be based on HSNS, 
nevertheless the investigations on the HSNS 
represent a possible stepping-stone towards the 
ultimate goal of achieving high performance thermal 
insulation materials. The sacrificial template approach 
has been described in earlier studies [9-12], where 
e.g. polyacrylic acid (PAA) and polystyrene (PS) have 
been utilized as template materials, see Fig.1 for an 
example of a scanning electron microscope (SEM) 
image of manufactured spherical PS templates. The 
templates were hence coated with small silica 

99



IVIS2013  
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, Empa, Switzerland

IVIS2013 
11th International Vacuum Insulation Symposium - September 19 – 20, 2013, Empa, Switzerland 

2

particles, where an example is depicted in Fig.2 
applying a PS template. By removal of the templates, 
HSNS are formed, see e.g. Fig.3. Other examples are 
shown in Fig.4, depicting a SEM image and a 
transmission electron microscope (TEM) image of 
HSNS with and without PS templates, respectively 
(different HSNS manufacturing). Powder samples of 
the HSNS have measured thermal conductivity values 
typically in the range 20-90 mW/(mK), though some 
uncertainties in the Hot Disk apparatus measurement 
method have to be further clarified. 

Fig.1: SEM image of spherical PS templates. 

Fig.2: SEM image of small silica particles coated 
around a spherical PS template. 

Fig.3: SEM image of HSNS after removal of PS. 

Fig.4: SEM and TEM images of different HSNS with 
(left) and without (right) PS templates. 

4. Conclusions 
Hollow silica nanospheres have been manufactured, 
which thus represent a possible foundation for the 
development of the future nano insulation materials. 
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Wood-Frame Construction Using VIPs
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Abstract:
Field monitoring of the dynamic heat transmission characteristics of residential 2 x 6 wood-frame wall systems that 
had been retrofitted using Vacuum Insulation Panels (VIPs) and extruded polystyrene foam (XPS) were undertaken in 
2011-2012 at the Field Exposure of Walls Facility (FEWF) of NRC-Construction, located in Ottawa. The main 
objective of this research was to evaluate the dynamic heat transmission characteristics of three side-by-side mid-
scale (4 ft x 6 ft) wall assemblies, two of which incorporated VIPs within an XPS layers with different techniques of 
installation and the third assembly incorporating only XPS, in the FEWF for a one year cycle of exposure to outdoor 
natural weather conditions.  The scope of work included the experimental design, installation of test specimens, 
commissioning of instrumentation, operation of the test facility, collection and monitoring of data and data analyses, 
and numerical modeling.  A hygrothermal model, known as hygIRC-C, was benchmarked against field measured 
data. Results showed that the model predictions were in good agreement with the experimental data obtained from 
the different wall specimens.  Given the fragile nature of VIPs that they could be punctured during the installation 
process (e.g. inadvertent use of fasteners in wall assembly) or may fail during normal operating conditions, the 
hygrothermal model was used to conduct parametric analyses to predict the thermal resistance (R-value) in cases 
where one or more VIPs are failed.  

Keywords:
Vacuum insulation panels, Modelling, Wood construction, retrofit, residential.

1. Introduction
To achieve high levels of energy performance with 
existing wall systems and materials, the wall systems 
would need to be considerably thicker and this may 
be less acceptable to consumers because of the loss 
of usable floor area, greater weight, increase in costs 
due to transportation, and time of construction, as well 
as new challenges for the structure associated with 
greatly increased wall thickness.  To maintain 
reasonable envelope thickness while having high 
thermal performance, a promising recent innovation in 
building technology was investigated within the 
context of its application using Vacuum Insulation 
Panel (VIP) systems.  VIPs are of interest owing to 
their exceptional insulating R-value, up to R-60 per
inch or even higher.  The VIP technology can be used 
in retrofitting existing homes. It can also be used in 
new construction such as in double stud wall wood-
frame construction [1].

2. Objectives 

The main objective of this paper is to describe the 
results derived from the use of a numerical model to 
evaluate the dynamic heat transmission 
characteristics of three side-by-side 2 x 6 wood-frame 
wall assemblies (4 ft x 6 ft), two of which incorporated 
VIPs within either an XPS Tongue and Groove (T&G) 
configuration or VIPs within an XPS Clip-On (C-O) 
configuration, and a third assembly incorporating only 
XPS. The three wall assemblies were installed in 
NRC-Construction’s Field Exposure of Walls Facility 
(FEWF) for a one year cycle of exposure to outdoor 
natural weather conditions.  The numerical model was 

benchmarked against the measured data that was 
obtained from field monitoring of these wall systems in 
period between May 2011 and May 2012. Given that 
the VIPs could be punctured during the installation 
process (e.g. inadvertent use of fasteners in wall 
assembly) or that some panels could fail during 
normal operating conditions, the numerical model was 
used to conduct parametric analyses to allow 
predicting the R-value in cases where one or more 
VIPs failed.

3. Model Description

The hygIRC-C model [2] simultaneously solves the 
highly nonlinear 2D and 3D Heat, Air and Moisture 
(HAM) equations that define values of heat, air and 
moisture transfer across the wall assembly.  These 
equations were discretized using the Finite Element 
Method (FEM).  Having previously benchmarked the 
present model to several tests undertaken in 
controlled laboratory conditions (e.g. see [3]), a 
subsequent and important step was to benchmark the 
present model against field measurements. 

4. Retrofitted Wall description

The backup wall for all three retrofit strategies 
consisted of interior drywall (1/2 inch thick), 
polyethylene air barrier (6 mil thick), 2 x 6 wood-frame 
having friction-fit glass fibre batt insulation installed 
between vertical studs, OSB (7/16 inch thick), and 
Tyvek sheathing membrane.  The backup wall was 
retrofitted by adding different configurations of 
external insulation.  The first wall (W1) was retrofitted 
by adding an XPS layer (2 inch thick) between the 
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sheathing membrane and vinyl siding.  The other two 
walls were retrofitted with Vacuum Insulation Panels 
(VIPs) using two concepts as described below.

In the second retrofit concept (W2), each VIP having a 
nominal thickness of 15 mm (5 panels in total), was 
sandwiched between two XPS boards, the exterior 
board being 1 inch thick and the interior board 5/8 
inch thick.  To protect the VIP, a hollow piece of XPS 
of the same thickness as the VIP was cut and the VIP 
panel was placed inside the opening such that the VIP 
would be protected by the XPS surround.  The 
assembly, consisting of the VIP and XPS surround, 
was placed between the exterior and interior XPS 
layers to form a “Tongue and Groove (T&G)” VIP 
“sandwich” [4].

In the third retrofit concept (W3) (see [4]), the VIP 
sandwich was similar to the previously described 
second concept VIP sandwich, but without the tongue 
and groove assembly.  In this concept, five VIP 
sandwiches were assembled using clips; hence, the 
retrofitted wall specimen was called “Clip-On” (C-O) 
VIP.  Vertical furring strips (16 inch o.c. and 5/8 inch 
thick) were attached to metal clips, which supported 
the C-O VIP assembly and provided the nailing 
surface to which the smart board was attached [5].

5. Material Properties

The measured thermal conductivity of the VIP layer, 
eff (in W/(mK)), as a function of temperature, T (in 

°C), that was used in the numerical simulation is given 
as: 

.107.03088=b0.002054,=a, -6Tbaeff (1)

The above correlation of eff is in good agreement 
with all measured values at different temperatures 
(within ±1.6%).  The corresponding average R-value 
of the VIP sample (15 mm thick) is 7.03 m2K/W 
(39.9 ft2hroF/BTU).

6. Results and discussions

The benchmarking exercise is very important in 
gaining confidence of the model. In Figure 1 is shown
one of the comparisons between the measured and 
predicted values of heat flux during the test period at 
different locations for the T&G VIP retrofit wall 
specimen (W3).  The predicted values of heat flux 
were in good agreement with the measured values at 
the XPS–OSB interface.  All R-values presented in 
this paper for different wall specimens are the 
surface-to-surface R-values.  Figure 2 shows a 
comparison between the R-values for different wall 
specimens.  As shown in this figure, the XPS retrofit 
wall assembly (W1) resulted in the lowest R-value 
(29.6 ft2 hr oF/BTU); whereas the C-O VIP retrofit wall 
assembly (W2) resulted in the highest R-value (55.4 
ft2 hr oF/BTU).  
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Figure 1. Comparison between predicted and measured 
heat fluxes at XPS-OSB interface for T&G VIP retrofit wall 
specimen (W3)

The R-value of the T&G VIP retrofit wall assembly, 
W3 (without furred-airspace) was 53.8 ft2 hr oF/BTU, 
which is lower than that for W2 by 1.58 ft2 hr oF/BTU.  
This means that the furred-airspace in the C-O VIP 
retrofit wall assembly (W2) having surface emissivity 
of all surfaces bounded in the airspace of 0.9 
contributed to the R-value by a value of 1.58 ft2 hr 
oF/BTU.  

Reference Wall (W1) Wall with T&G VIP (W3) Wall with Clip-on VIP (W2)
Series1 29.608 53.784 55.361
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Figure 2. Comparisons between the R-values of different 
wall specimens

As explained in the report by Maref et al. [5], the test 
results of the C-O VIP retrofit wall specimen (W2) 
showed that one of the VIPs failed during normal 
operation (at time = 202 day).  At time = 271 days,
this VIP was subsequently replaced by a new VIP 
component once it became apparent that the 
expected thermal performance of the wall was not 
being achieved.  The R-value of the failed VIP was 
measured and found the R-value reduced from 39.9 
ft2hroF/BTU to 3.32 ft2hroF/BTU (a factor of 
approximately 12).  Consequently, because there is 
always a risk of puncturing VIPs either during the 
installation process or over the course of its in-service 
use, a parametric study was conducted to predict the
R-value of the wall assembly when one or more VIPs 
is punctured or failed by other means.  Furthermore, 
because the VIP is more expensive than an XPS 
panel, this parametric analysis was conducted to 
determine the R-value when one or more VIPs is 
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replaced by an XPS panel of the same dimension as 
that of the VIP.  In these analyses, six cases were 
considered.  These cases are shown in Figure 3a
through Figure 3f for the T&G VIP wall specimen 
(W3).  The sizes (length, height and thickness) of the 
VIP-1 through VIP-4 are equal.  The length and 
thickness of the VIP-5 is similar to other VIPs, but its 
height is equal to half the height of other VIPs.  In 
Figure 3f, the case-VI represents the situation when 
the five VIPs in Figure 3a have either failed or been 
replaced by a XPS layer.  When one or more VIPs is 
replaced by a XPS layer, the temperature distributions 
for the different cases (i.e. case-I through case-VI) are 
shown in Figure 3a through Figure 3f.  

It is important to indicate that when all VIPs were 
failed (case-VI), the R-value of the T&G VIP wall 
specimen (R = 30.139 ft2 hr oF/BTU) is only 1.8% 
higher than that for the reference wall (XPS retrofit 
wall specimen, R = 29.608 ft2 hr oF/BTU (see Table 
1).  Therefore, consideration must be given when 
handling and installing VIPs for retrofitting wall 
specimens to minimize the risk of puncturing the VIP.  
As indicated earlier, the measured thermal 
conductivity and R-value when the VIP was failed
were 0.0257 W/(m.K) and 3.32 ft2hroF/BTU, 
respectively.  On the other hand, the R-value of an 
XPS layer (thermal conductivity = 0.029 W/(m.K)) of 
the same thickness as a VIP (15 mm thick) is 2.94 
ft2hroF/BTU, which is approximately equal to the R-
value of a VIP when it was failed.  As such, the 
reduction in the R-value when replacing a VIP by XPS 
layer is approximately the same as when the VIP has
failed.  For example, for the situation when the VIP is 
replaced by a XPS layer, Table 1 shows that the R-
values are reduced by 8.3%, 25.1%, 41.8%, 58.6% 
and 76.2% for case-II, case-III, case-IV, case-V and 
case-VI, respectively, which are approximately the 
same as when the VIP has failed.  Hence, unless the 
VIP panel itself can be replaced, there is no benefit in 
respect to thermal performance of the overall 
assembly if replacing it with an XPS panel.

Table 1. Comparisons between R-values for case I 
through case VI (see Error! Reference source not 
found.) of T&G VIP wall specimen (W3)

Case

R-value of 
wall 

assembly 
having 
failed
VIPs 
(ft2 hr 

oF/BTU)

R-value of 
wall 

assembly 
having 
VIPs 

replaced 
by XPS 
(ft2 hr 

oF/BTU)

Reduction 
in R-value 

due to 
failed
VIPs

Reduction 
in R-value 

due to 
replacing 

VIP by XPS

case-I 53.784 53.784 0% 0%
case-II 49.545 49.653 8.5% 8.3%
case-III 42.761 42.982 25.8% 25.1%
case-IV 37.641 37.923 42.9% 41.8%
case-V 33.593 33.906 60.1% 58.6%
case-VI 30.139 30.468 78.5% 76.2%

(a) CASE-I:
VIPs (blue)

(c) CASE-III:
VIP#5 & VIP#4
either failed or 
replaced by XPS (green)

(d) CASE-IV:
VIP#5, VIP#4 & VIP#3
either failed or 
replaced by XPS (green)

(b) CASE-II:
VIP#5 either failed 
or replaced by XPS 
(green)

(e) CASE-V:
VIP#5, VIP#4, VIP#3 & VIP#2
either failed or 
replaced by XPS (green)

(f) CASE-VI:
All VIPs either failed or 
replaced by XPS (green)

Figure 3. Temperature contours for case I through case VI 
of T&G VIP wall specimen (W3)

7. Conclusions
In this study, steady-state and transient numerical 
simulations were conducted to predict the thermal 
performance of residential 2 x 6 wood-frame wall 
specimens that were retrofitted using VIPs (W2 and 
W3) and extruded polystyrene foam, XPS (W1).  In 
order to determine the R-values of different wall 
specimens, the steady-state numerical simulations 
were conducted using the same outdoor and indoor 
conditions as described in the standard test method 
using a Guarded Hot Box (GHB).  Results showed 
that the XPS retrofit wall specimen resulted in the 
lowest R-value (29.6 ft2 hr oF/BTU), whereas the C-O 
VIP retrofit wall specimen resulted in the highest R-
value (55.4 ft2 hr oF/BTU).  The R-value of the T&G 
VIP retrofit wall specimen (without furred-airspace) 
was 53.8 ft2 hr oF/BTU, which was lower than that for 
the C-O VIP retrofit wall specimen (with furred-
airspace) by a margin of 1.58 ft2 hr oF/BTU.  The 
numerical results derived for heat flux were compared 
with the measured values of heat flux and the results
showed that the comparison between the present 
model predictions and experimental data were in good 
agreement.  
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