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Abstract

Vacuum insulation panels (VIPs) represent a high performance thermal insulation material solution
offering an alternative to thick wall sections and large amounts of traditional insulation in modern
buildings. Thermal performance over time is one of the most important properties of VIPs to be
addressed, and thus the ageing effects on the thermal properties have been explored in this work.

Laboratory studies of ageing effects are conducted over a relatively limited time frame. To be able to
effectively evaluate ageing effects on thermal conductivity, accelerated ageing experiments are
necessary. As of today, no complete standardized methods for accelerated ageing of VIPs exist. By
studying the theoretical relationships between VIP properties and external environmental exposures,
various possible factors for accelerated ageing are proposed. The factors that are found theoretically
to contribute most to ageing of VIPs are elevated temperature, moisture and pressure. By varying
these factors it is assumed that a substantial accelerated ageing of VIPs can be achieved.

Four different accelerated ageing experiments have been performed to study whether the
theoretical relationship may be replicated in practice. To evaluate the thermal performance of VIPs,
thermal conductivity measurements have been applied.

The different experiments gave a varying degree of ageing effects. Generally the changes in thermal
performance were small. Results indicated that the acceleration effect was within what could be
expected from theoretical relationships, but any definite conclusion is difficult to draw due to the
small changes. Some physical changes were observed on the VIPs, i.e. swelling and curving. This
might be an effect of the severe conditions experienced by the VIPs during testing, and too much
emphasis on these should be avoided.

Keywords: Vacuum insulation panel, VIP, Building insulation, Service life prediction, Ageing
properties, Accelerated ageing



1 Introduction

Use of thermal insulation in buildings has experienced an enormous increase since the 1970s.
Although most insulation materials were developed prior to 1960, it was only after the 1973 oil crisis
that thermal insulation became the preferred way to improve a building’s energy efficiency. Since
then the required energy efficiency has increased steadily. In Norway the requirement of a wall
construction in 2010 is an U-value of 0.18 W/(m?’K), which is equivalent to 250 mm mineral wool
insulation. Future requirements in order to obtain zero emission standards may require wall
thicknesses up to 500 mm filled with mineral wool. Obviously these kinds of wall thicknesses and
amounts of insulation are a challenge both for architects and engineers in building aesthetically,
economically and in accordance with building physical principles.

Vacuum insulation panels (VIP) may offer a solution to this problem. VIPs consist of a solid, porous
core which is sealed with an air- and watertight foil while there is a vacuum in the core. It has
thermal conductivities that are 5-10 times lower than for traditional thermal insulation. It will thus be
possible to reduce the thickness of the walls, but retain, or even increase, the thermal resistance. So
far VIPs have been used mostly in refrigerators and cold-shipping boxes. In recent years, however, a
lot of research has been put into introducing VIPs on the building market.

Germany and Switzerland were some of the first countries to support this kind of research. The
largest research and development effort so far has been within the International Energy Agency (IEA)
Implementing Agreement; Energy Conservation in Buildings and Community Systems (ECBS)
(IEA/ECBCS 2005a).

In the last decade extensive studies have been performed to assess the thermal properties of VIPs
over time. These properties are vital to the evaluation of the service life of VIPs. Several studies have
been conducted under the IEA/ECBCS project (2005a).

The most important features for evaluating service life of VIPs are the permeation of gases and water
vapour through the barrier foil, and the response in the core material to these alterations.
Permeation rates for different envelopes and different temperature and moisture conditions have
been evaluated experimentally by Schwab et al. (2005a,b). Simmler and Brunner (2005a,b) have
studied internal pressure increase over time for varying temperature and moisture content. The
effect of absorbed water in the core material on the total thermal conductivity has been investigated
by Heinemann (2008). Morel et al. (2007, 2009) did extensive studies on the moisture effects on
physical properties of the silica core material. Based on results from all these studies models for
service life prediction and for the increase in internal pressure and moisture content have been
proposed, among others by Schwab et al. (2005a,b,c) and Tenpierik (2009). There have also been
some studies into the in situ performance of VIPs (Brunner and Simmler 2008). An account of the
results and progress so far can be found in the IEA/ECBS, Annex 39, Subtask A (IEA/ECBCS 2005a) and
in Baetens et al. (2010a).

There have been few studies, however, into accelerated ageing of VIPs. Currently there exists no
common understanding of how a realistic accelerated ageing experiment should be conducted. Some
effort was put into this study by Simmler & Brunner (2005a,b), where a strong correlation between
severe hygro-thermal conditions (high moisture content and high temperature) and internal pressure
increase was found. In addition, results found by Schwab et al. (2005 a,b,c) provide valuable insight
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into the physics of vacuum insulation panels, which could be developed analytically to evaluate the
effect of accelerated ageing. This article presents the theoretical background for ageing of VIPs and
the formulas and plots relevant for predicting service life of VIPs and the acceleration factors for
various procedures. The background for and how accelerated ageing of VIPs may be carried out is
discussed. Finally, a variety of ageing experiments are presented to evaluate the theoretical
predictions, and to increase the understanding on the effect of various accelerated ageing
procedures on VIPs.

2 VIP Buildup

VIPs consist of a porous core wrapped in an air- and vapourtight envelope. Various different
materials and solutions exist for both core material and envelope.

2.1 Core

Several materials have been applied as core materials for VIP. Examples of possible materials are
polyurethane, extruded polystyrene (XPS) and various forms of silica. The common characteristics
that are needed from a core material are:

e Low thermal conductivity
e Ability to withstand atmospheric pressure
e An open pore structure for easy evacuation of air from the material

The core material might have a great impact upon the thermal performance of VIPs.

2.2 Envelope

The main purpose of the envelope is to conserve vacuum in the VIP by preventing water vapour and
other air gases from entering it. Various material solutions have been applied for this purpose. In
addition to providing a vapour barrier, the envelope must have sufficiently low thermal conductivity
to avoid thermal bridges at the panel edges. Experiments show that in most cases the edge effect of
the VIP on the thermal conductivity cannot be neglected (Ghazi Wakili et al. 2004, Willems et al.
2005).

The most common envelopes consist of a number of metalized polymer films, alternatively thin
metal sheets. Generally, the metal sheets provide the best barrier against air and vapour
penetration, but the large thermal conductivity makes them unsuitable for application in VIPs.

The labeling of the most common films used are as follows (Willems et al. 2005):

Metal Film (AF) — A central aluminium layer with thickness up to 10 um is used. This layer is
laminated with a polyethylene teraphtalate (PET) layer to provide some mechanical resistance.

Metalized Films (MF) — These laminates have up to three layers of aluminum-metalized polyethylene
terephthalate (PET) or polypropylene (PP) sheets.

Crossections of four different MF laminates and one AF laminate are shown in Fig. 1. All laminates
have an inner polyethylene (PE) layer for sealing purposes. In Fig. 2 a microscopy image of a MF3
laminate is visualized.
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Fig. 1 Crossections of various envelope solutions for application in VIPs. The laminates and the various layers are not
drawn to scale. The names and buildup of the laminates are consistent with what is reported in
IEA/ECBCS Annex39. The thickness of the Al-layer denotes thickness of each separate layer (i.e. 60 nm for MF3).

Fig. 2 Visualization of a multilayer laminate for use as a VIP envelope. (From Simmler and Brunner 2005a).
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A weakness of the MF laminates, compared to the more massive AF laminates is the moisture

permeance. However, service lives of several decades are still achievable with the use of MF
laminates in normal building application (Simmler and Brunner 2005b).



3 Thermal Conductivity of VIPs

The thermal conductivity of VIPs is dependent on several factors, both internal and external. The
theoretical relationships governing this and the necessary background for predicting ageing effects
will be explored here.

The thermal conductivity (A4, ) in a material with coherent internal structure (i.e. no coupling effect)

can be described as (Brodt 1995):

ﬂ‘tot = ﬂ’cd +ﬂ'g +ﬂ'r +ﬂ’cv (1)

where

A

« = solid conduction within material skeleton (W/(mK))

44 = gas conduction within the material pores (W/(mK))
A, =radiation heat transfer between internal pore surfaces (W/(mK))

/ICV = air and moisture convection within pores (W/(mK))

In addition, a coupling term can be included to account for the interaction between the gas
molecules and the pore walls. The coupling effect can be quite complex and will be neglected in the
rest of this article. Most theoretical approaches to thermal performance of VIPs, assumes the
coupling effect to be negligible.

The high thermal performance of VIPs is mostly due to the effect of reduced gas conduction (/19) as

pressure decreases in the core material of the VIP. The most effective reduction is achieved at total
vacuum, when A; would approach zero. This is a result of the Knudsen effect. The Knudsen effect,
relates gas conductivity to the pore size of a material and the number of gas molecules. As the
pressure decrease, the mean free path length of the gas molecules increases. When the mean free
path length becomes longer than the average pore size of the surrounding material, only elastic
collisions between gas molecules and the pore surface are assumed to occur. As these collisions
don’t transfer any significant energy, the gas conduction may be reduced towards zero as the
pressure decreases.

The influence on gas conductivity from the Knudsen effect can be found from the following
relationship (IEA/ECBCS 2005a):

A0

ﬂ/ = — 2
¢ 1+2pKn 2

Where Kn is the Knudsen number,
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and

Aqo = Free air conductivity (W/(mK))

[ = Constant characterizing the energy transfer efficiency between the gas molecules and the
solid state pore walls (between 1.5 and 2.0))

l..., =Mean free path of air (m)

O = Characteristic size of pores, e.g. pore diameter (m)
kB = Boltzmann’s constant (J/K)
T =Temperature (K)

dg = Diameter of the gas molecule (m)

P, = Gas pressure (Pa)

Equations (2) and (3) are used to obtain Eq. (4), indicating the three main parameters that influence
gaseous heat conduction in porous media: Gas pressure, characteristic pore size and temperature
(Baetens et al. 2010a).

2oM)  Ago(T)
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9
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where B, ;is the pressure at which thermal conductivity reaches one half the value of 4, ; and Cis a

constant defined as Zﬂkb/(ﬁﬂdg) .

From these relationships it is evident that the choice of core material for VIPs is of vital importance
to achieve the desired thermal performance over time, also for increasing pressures. The thermal
conductivity versus gas pressure is shown for a range of materials in Fig. 3.
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Fig. 3 Thermal conductivity versus gas pressure for a variety of materials (From Tenpierik 2009).

As can be seen, fumed silica and aerogel have reduced conductivity even at atmospheric pressures.
In comparison with materials such as mineral wool that would require gas pressures in the range of
0.1 mbar to reduce gas conductivity, these silica based materials are highly suitable for application in
VIPs (Caps et al. 2001).

In Fig. 4 the relationship between pore size, gas pressure and thermal conductivity is drawn. From
this graphical 3D-plot, the Knudsen effect is apparent.

Gaseous thermal conductivity (mW/(mK))

Characteristic size of pores Gas pressure {Pa)

Fig. 4 Gaseous thermal conductivity of air (mW/(mK)) as a function of characteristic pore size and gaseous pressure at a
temperature of 300 K. Derived from Eqs. (2) and (3) (From Baetens et al. 2010).



4 Ageing of VIPs

As the thermal performance of VIPs are highly dependent on conservation of the vacuum in the
panels, all gases that permeate through the envelope will contribute to the reduction of thermal
properties of the VIP. Apart from extraordinary mechanical stresses and production failures, gas and
moisture transport into the VIPs are considered the most important ageing mechanism to consider
when evaluating the performance of VIPs over time.

The means of molecular transport through VIP envelopes depends on the size and properties of the
various gas molecules. For oxygen, and other air gases, the transport mainly happens at macroscopic
defects in the envelope material in the order of 0.1-1.0 um® For the permeation of water vapour the
main transport is dissolution of molecules in the polymers, and the condensation in capillaries.
Generally it can thus be said that for oxygen, the macrostructure of the envelope barrier is vital,
while for water vapour also the microstructure of the envelope is important (IEA/ECBCS Annex 39).

4.1 Gas Transport

The envelope of the VIPs consists of several different layers depending on the type of laminate. As a
result of this it is difficult to specify a permeance for the envelope. Instead an empirical value is
employed. This value is referred to as the Gas Transmission Rate (GTR) or the Air Transmission Rate
(ATR). The GTR specifies how much of a given gas permeates the VIP envelope during a given time.
The ATR is the amount of permeated gas when the VIP is exposed to a mixture of air gases. The total
gas transmission rate is defined as (Schwab et al. 2005a)

GTR,, =GTR,(T.9)- A+GTR (T,¢)-L (5)

where
GTR, = the surface gas transmission rate of the laminate cover per panel area (m?/(m?s)
A = total surface area of the VIP with front and rear sides (m?)
GTR. = the length related gas transmission rate along the circumference of the panel (m?/(ms)
L = length of panel circumference (m)

The GTR relates to the laminate permeance (ans,tot ) as (Schwab et al. 2005a)

_GTRy,
ans,tot - Apgas

(6)

where

APy, = pressure difference across laminate barrier

As a result of the gas permeation, a pressure increase occurs inside the panel. This pressure increase
depends on the GTR and can be found from Schwab et al. (2005a) to be

dpgas _ ans,totApgas (Tm po ] — GTR{O[ (Tm po j

dt - Veff TO Veff TO

(7)



where

T
[m—po = conversion factor from standard (index 0) to measurement conditions (index m)
0

Vi = effective pore volume in the VIP (m?)

For service life predictions it is usually assumed that Apgasinitially equals atmospheric pressure

(patm) as the internal pressure is negligible. Then, a linear increase in pressure over time results

(Schwab et al. 2005a):

V T V T

eff 0 eff 0

p(t) — Qair,tot patm [Tm po jt — GTRtot (Tm po jt (8)

Eg. (7) can also be solved analytically to give an expression for internal pressure as a function of time
and external pressure

_Tm pOans Jtot
TOVeff

t

p(t) = papp _(papp - pinit)e (9)

where

Papp = applied external pressure (Pa)

Piyi; = initial internal gas pressure of VIP (Pa)

4.2 Moisture Transport

Schwab et al. (2005a,b) and Simmler and Brunner (2005b) have performed several experiments to
determine the rate at which water vapour permeates through various barrier laminates. This rate is
found to vary some with size of panel and measurement conditions.

Because the envelope consists of several materials in various layers, it is difficult to determine a
definite permeance for the material. Instead an empirical value called the water vapour transmission
rate (WVTR) is employed. The WVTR is defined as (Schwab et al. 2005a)

dm
WVTR = —*=Q,, «:APyy (10)
where
dm, . s
WVTR = = mass increase with time (kg/s)
QWV’tot = total water vapour permeance (kg/(s Pa)
Ap,, = water vapour pressure difference across foil (Pa)

A theoretical relationship can be developed for the increase in water content with time using Eq.(10)
and the partial water vapour pressure. The partial vapour pressure can be calculated applying the

inverse function of the sorption isotherm ((/)(XW)), according to Eq.(11) (Schwab et al. 2005a)



pwv = ¢(XW) pwv,sat (T) (11)

where
pwv = Water vapour partial pressure (Pa)
Pwv,sat(T) = water vapour saturation pressure depending on temperature (Pa)

@(X,,) =relative humidity depending on water content (-)
The change in water content with time can then be described by (Schwab et al. 2005a)

dXW QWV (0] QWV 0
d = = ( Puwv,out ~ pwv,in) = =
t m\/IP,dry m\/IP,dry

pwv,sat ((oout _(Din(xw)) (12)

where

Myp 4r, = dry mass of the VIP (kg)

Puv.out s Pwvin = the water vapour pressure outside and inside the VIP respectively (Pa)

Dot » @y = the relative humidity outside and inside the VIP respectively (-)

By approximating the sorption isotherm to a linear relationship X, =Kke, eq. (12) was solved

analytically by Schwab et al. (2005a):

_Qwv,lot pwv,sat (T )t

X, (1) =Kpy, | 1-€ ™t (13)

where k is a constant representing the slope of the sorption isotherm.

As can be seen from the relationship in Eq.(13), both temperature and relative humidity are factors in
determining moisture transport through VIPs. With increasing temperature, the saturation pressure
increases exponentially. Combined with an increased RH, this will increase the water vapour pressure
difference, and hence the driving force for moisture transport, substantially. From the sorption
isotherm of silica the proportionality constant k can be estimated at approximately 0.08 mass% per
percent of relative humidity up to 60 % RH.

4.3 Thermal Conductivity Prediction Models
Assuming that gas pressure and water content can be treated as thermal resistances in parallel,
Schwab et al. (2005a) propose that thermal conductivity as a function of time can be written as:

A
At) = Ay + o +bX,,(t) (14)
1+ pJJZ,air/pair (t)

where

A.... = Thermal conductivity in evacuated state (W/(mK))

evac

A

air,0

= Thermal conductivity of free and still air (W/(mK))

Py2.qir = The pressure at which thermal conductivity of the gas equals half of lair’o(Pa)
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P, = Pressure inside VIP (Pa)

b = Constant dependent on the sorption isotherm (W/(mK mass%)

X, (t) = Moisture content (mass%)

In this model, the effect of water vapour is not included in a separate term, but is incorporated into

the term for dependence on water content.

Based on the function in Eq. (14) and results from Simmler and Brunner (2005b) and
Schwab et al. (2004, 2005a) Tenpierik (2009) propose the following model:

oA oA oA
Ak, =—Ap, + —Ap,, +—=Au
op, P, ou (s
oA (-t oA (- o4, du (-
~ 2 pg e(l—e (t—tge)/ g)+ ¢ pwve(l_e (t tdes)/rw)+_c_¢e(1_e (t tdes)/rw)
op, Py ou de
where
P, = Pore gas pressure (Pa)
Py e = Atmospheric gas pressure (Pa)
Puwe =Partial water vapour pressure outside the VIP (Pa)
@, = Relative humidity of the air outside the VIP (-)
u = Water content of the core material (-)
t = Time (days)
tgerand tqes = Time shifts due to getters and desiccants (s)
7, and 7, are time constants according to:
eVv To
T, = . (16)
GTR(T,¢) p,T
ParV 1 du
dry (17)

Tw = . -
WVTR(T, ) Pn(T)de

In this model the effect of moisture is split in separate terms for adsorbed water and water vapour.
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5 Thermal Conductivity Prediction Curves

Based on the models in Egs. (14) and (15), plots can be made that show how thermal conductivity of
a VIP changes over time at constant climatic conditions. Since thermal conductivity is a direct result
of increased gas pressure and moisture content in the VIP, curves for moisture content and gas
pressures over time can also be provided, enabling the prediction of various VIP parameters. This is
shown for five different laminates types (AF, MF1-MF4) for panels with size 100 cm x 100 cm x 2 cm
in Fig. 6 to Fig. 7 for a period of 100 years. When drawing the plots, it is assumed that all
contributions to thermal conductivity can be treated as thermal resistances in parallel, and total

thermal conductivity over time, ﬂc (), is based on the equation:
Ao (1) = Ay + 45 (O) + 4, (1) + 4, (1) (18)

Where
A

wac = Initial thermal conductivity of dry and evacuated panel. Assumed to be 4.0 mW/(mK)

4, (t) = conduction due to permeation of air gases over time (W/(mK))
t) = conduction due to permeation of water vapour over time (W/(mK))
v

A, (t) = conduction due to absorbed water in the core over time (W/(mK))

These factors are further calculated as shown in Egs.(19)-(21).

A
P P—— L — (19)
1+ pl/2,g/pg (t)
2,(t) = af o ey (20)
u de
Aw(t) = & (21)

l+ pl/2,wv/ pwv (t)

Where, from Eq.(15),
Puv = Py (1-€7")
Py = Py (- ")

and where tg and 1y, can be found in Egs. (16) and (17) respectively.
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Input parameters for these curves are found in Table 1.

Table 1 Input parameters for VIP calculations. ATR and WVTR values are normalized for 23°C, 50% RH and 1 bar.

Properties Barrier envelope materials Source

AF MF1 MF2 MF3 MF4
ATR, (cm*/(m?*d)) - 0.016 A2 0.0034 | 0.0088 | (IEA/ECBCS Annex 39)
ATR, (cm*/(md)) 0.0018 |0.0080 | 0.0039 | 0.0091 | 0.0018 | (IEA/ECBCS Annex 39)
WVTR, (g/(m*d)) 0.0006 | 0.0233 | 0.0057 | 0.003 | 0.0048 | (IEA/ECBCS Annex 39)
WVTR, (g/(m d)) - - - 0.0008 | 0.0006 | (IEA/ECBCS Annex 39)
Activation energy (E,) 26 40 28 - - Schwab et al. (2005b)
(kJ/mol)
Porosity 90 % Quenard and Sallée (2005)
Dry core density 200 kg/m? Quenard and Sallée (2005)
du/d(p 0.08 Heinemann (2008)
8&6/&] 0.29 mW/(mK) Schwab (2004)
Psat 2775 Pa (Calculation example)
RH ¢ 50 % (Calculation example)
Ao 16 mW/(mK) Fricke et al. (2006)
P1/2.mv 120 mbar Fricke et al. (2006)
Aair o0 25,7 mW/(mK) Schwab et al. (2005a)
P 1/2air 593 Pa Schwab et al. (2005a)

! Note that an ATR, value for MF2 was not resolvable because tested on limited panel size. This does not mean
that an ATR,value does not exist for MF2. It can be expected to lie somewhere between the values MF1 and
MF3. As an effect of this, the thermal performance for VIPs with MF2 over time is expected to be slightly

overestimated.
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To evaluate the influence of panel size on thermal conductivity, the 100 year thermal conductivities
of 100 cm x 100 cm x 2 cm panels is compared to those of 50 cm x 50 cm x 1 cm panels for VIPs with
MF3 and MF4 laminates in Fig. 8.
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Fig. 8 Total thermal conductivity for two panel sizes and two different barrier laminates. The inner air pressure is
assumed to be zero at ty=0. It is assumed that laminate properties remains the same during the entire period. No
getters and desiccants have been taken into account.
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For these plots, constant climatic conditions during the entire period are used. In addition, the same
conditions are used for both sides of the VIP. For VIPs in actual building applications the climatic
conditions can vary greatly between outer and inner surface.

To evaluate how varying climate might affect service life of VIPs Baetens et al. (2010b) applied a
dynamic model for simulation. Results from the dynamic simulations proved to be somewhat similar
to those of the steady state predictions above. However, since 23°C and 50% RH as used in the static
simulation represents a high average temperature and moisture content, the dynamic simulation
showed a somewhat slower gas pressure increase and lower moisture content.

Dynamic simulations for the climate of several European locations showed that the deviations across
the various locations were quite small. For 100 year simulations the center of panel thermal
conductivity for VIPs with MF1 laminates were found to be 14.7 * 0.7 mW/(mK) for
50 cm x50 cm x 1 cm panels and 10.3 + 0.4 for the 100 cm x 100 cm x 2 cm panels (Baetens et al.
2010b)

6 Accelerated Ageing

VIP properties change over time, most notably as air gases and water vapour permeate through the
envelope barrier. To be able to evaluate the long term service life of VIPs, and to study the
performance of VIPs over time within a limited time-frame, accelerated ageing is necessary. As of
today no standardized method exists for the accelerated ageing of VIPs. However, the theoretical
relationships presented in previous chapters can be used as a basis for designing accelerated ageing
experiments.

The external climate factors that theoretically contribute to the ageing of VIPs are temperature,
moisture and pressure. In addition, several other elements such as pollutants or acidity in
surroundings might give a physical degradation of either envelope or core material, but that is not
within the scope of this study.

There is a complex relationship between external factors and pressure increase in the VIPs. For the
sake of simplicity the different factors will be treated separately, but it is important to remember
that in a real-life situation it is difficult to separate the effect of each single factor

6.1 Temperature
Generally, temperature effects on gas and water vapour diffusion can be assumed to follow an
Arrhenius relation (Schwab et al. 2005b):

Bl 1
RT, T

Q(T)=Q(Ty)e (22)

where
Q = Permeance of envelope (cm?/ (m?s Pa))

E, = Activation energy (J/mol)
R = Gas Constant 8.31 (J/K mol)
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This relationship for air gases was confirmed by Schwab et al. (2005b). Results from this study are
summarized in Table 2 below.

Table 2. Factor exp(-E,/(RT) + E,/(RT,) for different laminatess (AF, MF1 and MF2) and increasing temperature. T0=25°C
(Reproduced from Schwab et al. 2005b)

Temperature (°C) Laminate AF Laminate MF1 Laminate MF2
0 0.39 0.23 0.35

10 0.58 0.43 0.47

25 1.0 1.0 1.0

45 1.9 2.7 2.0

65 34 6.7 3.8

80 4.9 12.2 5.8

For water vapor permeance, the temperature dependence is more complex because of the
interaction between temperature, water vapour pressure and relative humidity. Ambient moisture is
a very important factor as will be seen below, but tests performed by Schwab et al. (2005b) suggests
that a temperature dependence can also be found. The exception is for aluminum-coated laminates
(AF), were no temperature effect could be detected. One possible reason for this is that the
activation energy for PET for water vapour is quite low, rendering the temperature influence
negligible (Schwab et al. 2005b). In addition, the complete process of water vapour diffusion through

VIP laminates is not sufficiently known to estimate the temperature dependence exactly.

Simmler and Brunner (2005b) suggest the use of a parameterized Arrhenius function to account for
the combined effect of moisture and temperature.

6.2 Moisture

From Eqg. (13) it can be concluded that the ambient water vapour pressure is important for the
moisture increase of the VIP. The saturation vapour pressure shows an almost exponential
dependence on temperature, according to (Heinemann 2008):

(17. T—273.15)
P (T)=611e" 7% (23)
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Fig. 9 Saturation water vapour pressure for increasing temperatures. Based on Eq. 28.
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Based on this, it could be assumed that high temperature in combination with high RH would greatly
accelerate the ageing effects on a VIP. This will increase the water vapour pressure difference across
the envelope, and thus the driving pressure. In addition, it could be assumed that the high
temperature will increase the WVTR somewhat, according to the Arrhenius relation in Eq.(22), as
discussed above.

6.3 Pressure

Pressure is a factor in all formulas used for calculating the increase in thermal conductivity of VIPs,
either directly through the external atmospheric pressure of the VIPs or indirectly through the
saturation water vapour pressure. Based on this it is natural to assume that increased external
pressure might give a substantial accelerating effect for the ageing of VIPs.

To evaluate the acceleration effect of increase pressure, plots are made for the increase of water
content, gas pressure and thermal conductivity of VIPs over time for increasing external pressure. For
these curves it is assumed that the panels are pressurized using air with constant temperature and
water vapour content, leading to a constant RH for increasing pressures, but an increasing water
vapour pressure. It is assumed that the relationship in Eq. 29 holds for pressures in the range used
for these curves.

psathaZ
¢, = =% (24)
? : psatZPal

Where
@, ¢, = Relative humidity for state 1 and state 2 respectively

Peatr» Pear, = Saturation water vapour pressure for state 1 and state 2 respectively

P, P,, = Pressure in state 1 and state 2 respectively

As the air/water vapour mixture is pressurized, the number of molecules will increase and the water
molecules will possibly be pressed together. The dipole-binding of the H,0 molecule might affect the
attraction between water molecules. This compression of water molecules might lead to changes in
the saturation water vapour pressure. However, this is not studied more extensively in this work. For
the plots in Fig. 11 and Fig. 12 the saturation water vapour pressure is assumed to be proportional to
the total pressure for constant temperature.
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Fig. 12 Thermal conductivity as a function of time and external pressure. Values for MF4 panels have been used to

calculate the resulting thermal conductivity. Panel size is set as 100 cm x 100 cm x 2 cm.

As increases in internal air pressure, water vapour pressure and water content are all accelerated by
increased pressure, the total acceleration effect of panel ageing can be quite large, as can be seen
from Fig. 12 above. The actual acceleration effect of increased pressure can be seen from Fig. 13

where the ageing time is plotted versus the accelerated age of the VIP.
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Fig. 13 Acceleration effect of increased pressure, plotted for ageing times up to 5 years.
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The natural ageing time is found by comparing the calculated values for thermal conductivity for
each elevated pressure with the thermal conductivity for atmospheric pressure, based on values
found from Eq. (18) and Fig. 7.

Based on these results it can be concluded that increasing external pressure is a valid acceleration
method, at least theoretically. It can also be concluded that the higher the external pressure, the
higher the acceleration factor. One issue in pressure ageing of VIPs is which pressures the VIPs can
withstand without changes to the physical properties of the core or the panel.

7 Ageing Experiments Performed on Vacuum Insulation Panels

To evaluate the actual ageing effects on the thermal conductivity of VIPs, different ageing
experiments have been performed. These experiments are conducted both to verify the theoretical
relationships presented in the previous chapters and to evaluate the resistance of VIPs to severe
climatic strains. To evaluate the change in thermal conductivity of VIPs, a Heat Flow Meter (HFM) has
been used. All measurements are performed in accordance with current versions of ISO 8301 and NS-
EN 12667.

7.1 Vacuum Insulation Panels Used in Experiments

The VIPs employed for the experiments presented in this thesis are of the type va-Q-vipB from the
producer Va-Q-tec (2009). Va-Q-vipB consists of a core of amorphous silicon dioxide and an inorganic
opacifier. The panel is sealed with a high barrier laminate which is again covered on the exterior with
a black protection fleece. The high barrier laminate consists of three layers of metalized PET with PE
as a sealing layer on the inside. This is equivalent to a MF4 barrier laminate. Total thickness of the
laminate is approximately 100 pum. The VIPs have dimensions 100 cm x 60 cm x 2 cm.

7.2 Temperature Ageing According to CUAP 12.01/30

One method for testing ageing effects on VIPs is suggested in CUAP 12.01/30. The test is based on
severe temperature conditions over an extended period of time. The ageing is supposed to cover a
time span of 25 years.

7.2.1 Scope

The main scope of the experiment is to verify whether an ageing of 25 years can be achieved by
application of this procedure. The procedure has been altered somewhat, to accommodate more
measurements than originally specified.

7.2.2 Procedure
1. Conditioning at (23 £ 2)°C and (50 + 5)% RH for at least 72 hours.
2. Determination of initial thermal conductivity
3. Cycling in alternating climate (8 cycles), where one cycle consists of:
a. 8hoursat (80 % 3)°C
b. 16 hours at (-15 * 3)°C
Determination of the thermal conductivity
Temperature ageing for 90 days at (80 + 3)°C
Determination of the thermal conductivity

N o v e

Temperature ageing continued for another 90 days at (80 + 3)°C
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8. Final determination of the thermal conductivity

Additional measurements of thermal conductivity were conducted when considered necessary.
Alternating climate was achieved by manually transferring the VIP between a heating cabinet and a
freezer at the end of each period. The temperature ageing were conducted in a heating cabinet
without humidifier, and the ambient moisture content can thus be considered negligible.

7.3 Cyclic Climate Ageing According to NT Build 495
The Nordtest Method NT Build 495 is a test method exposing materials in the vertical position to
accelerated climate strains.

7.3.1 Scope

The scope of this experiment is to evaluate the resistance of VIPs to varying climate strains. This
involves the integrity of the panels in addition to the thermal properties. By using two samples, one
exposed and one protected by a timber-frame, the durability and robustness of exposed VIPs can be
evaluated and compared to that of protected VIPs. The testing of the exposed VIP would especially
be interesting for storage and handling of VIPs during the construction phase.

7.3.2 Experimental Setup
The test rig consists of the following successive climate strains:

1. UV-radiation (UVA = 33 W/m? UVB = 2.4 W/m?) and IR-radiation giving a black panel
temperature of (63 £ 5)°C

2. Wetting with a spray of water
Freezing at -20 £ 5°C

4. Thawing at laboratory climate

The time interval in each of the positions is one hour. The setup of the test rig is shown in Fig. 14.
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Fig. 14 Test rig for accelerated climate exposure according to NT Build 495 (2000).
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7.3.3 TestSpecimen

The test consists of two different specimens. One is a VIP that is directly exposed to the climatic
strains. The other specimen is a VIP built into a ventilated timber frame wall. Wall construction
details are shown in Fig. 15.

Top beam (98mm x48mm)
———Ventilated Gap

Wood Panelling

Wind barrler

Vapor barrler

48 mm,
I

Vacuum Insulation Panel (1000 mm x600mm x20mm)

Mineralwool

Temp. sensor - Taped to front of VIP

Temp. sensor - Taped to back of VIP

Temp. sensor - Taped to back of wall

1000 mm

|
T

+——Bottom beam(98 mm x48 mm)
L Wood (48 mm x48 mm)

48 mm,

Fig. 15 Construction detail for wall exposed to accelerated climate strains.

For the wall construction, special interest is taken in the temperature conditions on both sides of the
VIP while exposed to cooling/freezing. Temperature sensors were therefore placed on both sides of
the panel, and on the exterior of the wall to be able to study these conditions.

7.4 Moisture and Temperature Ageing
To evaluate the effect of severe hygrothermal conditions on VIPs, a test is designed to expose a VIP
to high temperature in combination with high moisture pressure.

7.4.1 Scope

The scope of the experiment is to evaluate which ageing effect that can be achieved by exposing a
VIP to high relative humidity and high temperature simultaneously. Since saturation vapour pressure
show an exponential increase with temperature, a very high moisture pressure is achievable when
the temperature is increased.

7.4.2 Experimental Setup
In this preliminary experiment it is desired to maximize the moisture pressure within the specified
temperature limits for the VIP. To facilitate this, the VIP is placed in a sealed envelope together with

a container of water. The whole envelope is then placed in a heating cabinet at 70°C.
The following procedure has been employed in the testing:

1. Conditioning at (23 £ 2)°C and (50 + 5)% RH for at least 72 hours.

2. Determination of initial thermal conductivity
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Storage in heating (with water container) cabinet for 30 days at 70°C
Determination of thermal conductivity
Storage in heating cabinet (with water container) for 30 days at 70°C
Determination of thermal conductivity

Storage in heating cabinet (with water container) for 30 days at 70°C

© N kW

Final determination of thermal conductivity

7.5 Pressure Ageing

As has been showed, the pressure gradient across the VIP envelope is a component in the formulas
for both gas and moisture transport into the VIP. By increasing the external pressure, it can therefore
be predicted that the transport will increase proportionally with the pressure increase.

Because of limitations on testing equipment, smaller VIPs were employed for the pressure tests than
for the other ageing experiments. The panels used for pressure ageing were 20cm x 12 cm x 2 cm.
These panels were also provided by the producer va-Q-tec, and were of the type va-Q-vip. These VIPs
did not have the black fire protection fleece found on the larger panels.

7.5.1 Scope

The scope of the experiment is to test whether these relationships hold for actual accelerated ageing
by exposing VIP samples to high pressures in a pressure tank. The procedure and experimental setup
is described below.

7.5.2 Testing Procedure

A new procedure was developed for the pressure testing of VIPs. Initially it was vital to assess the
physical changes on VIP samples exposed to high pressures. To evaluate this, a VIP panel was
exposed to increasing pressure, while the panel thickness was measured at intervals. The results
from this test can be seen in Fig. 16.
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Fig. 16 Average VIP thickness for increasing air overpressure.

As can be seen, the increased pressure lead to a permanent deformation of the VIP, and the panel
shrank approximately 15% when pressurized with 14 bar overpressure. It is natural to assume that
this is an effect from the deformation of the core material. Since this might have a significant effect
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on the thermal conductivity it became vital for the further pressure test to separate the effects of
potential increased air permeation into the VIP from those of changed physical properties of the VIPs
or the core material.

The following procedure was employed for testing:

1. Determination of initial thermal conductivity
2. Pressurizing to 8 bar overpressure using pressurized air
a. 1 panel tested for new thermal conductivity
b. 2 panels stored for 30 days at 8 bar before determination of new thermal
conductivity
3. Comparison between panel pressurized to 8 bar and not stored, and those stored for 30 days
to evaluate any relative change of thermal conductivity.

Any significant difference in the relative change of thermal conductivity between the panels stored
for 30 days at high pressure and the one not stored would signify some change to the thermal
conductivity other than what is caused instantly by the increased pressure. The suitability of this
testing method is discussed below.

For the pressurizing of the VIPs, a pressure tank with an external gas tank was employed. Regular
pressurized, dry air was used to increase the pressure in the tank. The maximum pressure capacity
for the equipment used was 14 bar for short term exposure and 8 bar for long term exposure.

8 Results from Ageing Experiments

When evaluating the ageing of VIPs for various procedures, thermal conductivity was used as a
measure for the performance. In addition, any physical changes on the VIPs were registered as they
might be interesting for VIP in building applications.

8.1 Temperature Ageing According to CUAP 12.01/30
The initial thermal conductivity was measured to be 4.6 + 0.1 mW/(mK). The panel was then
subjected to the ageing procedure as presented in part 7.2.

After the freeze/thaw cycles the outer fleece began to fray at the edges. No change of thermal
conductivity was observed at this time.

After less than a week in the heating cabinet at 80°C the outer fleece layer began to lift from the VIP
envelope. Large areas of the fleece had loosened from the substrate creating blisters of various
shapes and sizes. This effect became more pronounced until approximatelt one month into the
experiment. No further changes were observed after this time. Figures Fig. 17 and Fig. 18 show the
VIP after 1 week and 1 month respectively, visualizing the change on the fleece layer. No further
changes were observed during the rest of the ageing period.
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Fig. 17 Visible delamination of the outer fleece layer of the VIP envelope after exposure at 80°C for 7 days.

Fig. 18 Visible delamination of the fleece cover after exposure at 80°C for approximately 1 month. More of the envelope
cover has lifed from the substrate than after 7 days. No further changes were observed during the rest of the
ageing period.

Measurements showed that this delamination had no effect on thermal conductivity. It can thus be

assumed that delamination was restricted to the outer fleece, as the gas-and vapour barrier

remained intact.

When thermal conductivity was measured approximately 100 days into the procedure, it was found
that the panel had swelled somewhat. As a result the thickness of the sample was higher than it was
when initially tested. The initial thickness used for thermal conductivity measurements were 19.9
mm, while the new thickness after 100 days was 21.0 mm. This increased thickness leads to a slightly
higher thermal conductivity than would otherwise be found. The thermal resistance is retained,
however, as the increased thickness offsets the increased thermal conductivity.

8.2 Cyclic Climate Ageing According to NT Build 495

The initial thermal conductivity was measured to 4.3 £ 0.1 mW/(mK). The panel was then subjected
to the ageing procedure as presented in part 7.3. The configuration in the climate simulator can be
seen in Fig. 19.

26



6002 "LL 'S

Fig. 19 Wall section of the climate simulator showing both VIPs. The exposed VIP can be seen in the top right corner,
while the protected VIP is behind the weatherboards.

After less than a day in the climate simulator, the outer fleece layer on the exposed panel began
blistering, similar to the thermally aged panel. However, the delamination did not continue, and only
small areas blistered. Another pronounced physical effect on the exposed VIP in the climate

simulator was that it curved permanently towards the exposed side. The curvature of the panel is
visualized in Fig. 20.

sl

Fig. 20 Exposed panel after exposure to cyclic climate strains in vertical climate simulator for approximately one month.
Some delamination of the fleece cover is visible. The panel had curved during exposure. No further changes were
observed during the rest of the ageing period.
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8.3 Moisture and Temperature Ageing

The initial thermal conductivity was measured to 4.4 £ 0.1 mW/(mK). The panel was then subjected
to the ageing procedure as presented in part 7.4. When the VIP was tested after 60 days of ageing,
the thermal conductivity had increased drastically to 17.9 mW/(mK). This might be best explained by
failure of the VIP due to some external factor, such as mechanical damage. The experiment was
discontinued. Thermal conductivity measurements are summarized in Fig. 21.

8.4 Thermal Conductivity Measurements

To evaluate the relative ageing effect the results from the thermal conductivity measurements for all
experiments, except for the pressure experiment, are shown in Fig. 21. The thermal resistance is
provided in Fig. 22.

5.2

51 /

5
.9 / —e—CUAP (12.01/30)

/ —<—Moisture and Temperature

4.8 v =l-NT Build 495 - Exposed
4.7 == NT Build 495 - Wall

17.9 mW/(mK)

7\5’ ~
= :

Thermal Conductivity (mW/(mK))

4.5 =
4 6.6 TW/(mK)
4.3
4.2
0 50 100 150 200
Time (days)

Fig. 21 Thermal Conductivity of VIPs exposed to various ageing experiments. The time periods for total exposure vary
somewhat depending on the method.

Note that the initial non-aged thermal conductivity of the VIPs vary by 0.3 mW/(mK) which is
approximately 7% of the total conductivity. Due to the relatively low rise in thermal conductivity for
the VIPs exposed to ageing procedures, the variation in initial thermal conductivity might have as
large or larger impact on thermal performance as the ageing effects. This variation also shows the
necessity of confirming results with more extensive testing on several VIP samples.
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Fig. 22 Thermal resistance of VIPs exposed to various ageing experiments. The time periods for total exposure vary

somewhat depending on the method.

For the thermally aged VIP (CUAP 12.01/30) it can be seen that the relative change in thermal
conductivity is far higher than the change in thermal resistance. This is due to the increased thickness

of the VIP that occurred as a result of swelling during the experiment. The insulating capacity is

therefore best represented by the thermal resistance, as this value incorporates the geometrical

changes of the VIP. For the moisture and temperature aged VIP and the protected VIP in the climate

simulator, increases in thermal conductivity was higher than can be explained by ageing effects

alone, and some failure must have occurred. This is marked with dotted lines for the relevant VIPs in

the above figures.
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8.5 Pressure Testing
As shown above, the pressurizing of VIPs led to a permanent compression of the panels. The panels

shrank in all directions as can be seen from Fig. 23.

Fig. 23 Visible compression of VIPs exposed to 14 bar overpressure. Pressurized VIP to the left, compared to a normal
VIP on the right.

Three different VIPs were subjected to pressure as an ageing condition. These panels are designated
V2, V3 and V4, and were subjected to the following conditions:

V2: Pressurizing to 8 bar and then depressurized immediately
V3: Pressurizing to 8 bar in dry air and stored for 33 days
V4: Pressurizing to 8 bar in dry air and stored for 33 days

Both panel thickness and thermal conductivity was measured before and after the panels were
subjected to elevated pressures. Results from these measurements are summarized in Table 3 and
Fig. 24. The estimated error for the thermal conductivity measurements are 8%, based on
comparison of measurements done on samples of known conductivity.
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Table 3 Results from exposure of VIPs to elevated pressures.

VIP Sample V2 V3 v4
Initial Thickness (mm) 18.8 19.3 19.0
Thickness after ageing (mm) 16.9 16.6 16.1
Percentage Difference -9.9% -14.2 % -15.3 %
Initial Thermal Conductivity (mW/(mK)) 5.0+04 53+04 5.3+0.4
Thermal Conductivity after ageing (mW/(mK)) 6.5+0.5 8.9+0.7 9.2+0.7
Percentage Difference 30.0% 67.9 % 73.6 %
Initial Thermal Resistance 3.7+0.3 3.6+0.3 3.6+0.3
Thermal Resistance after ageing 2.6+0.2 1.8+0.1 1.8+0.1
Percentage Difference -29.5 % -48.3 % -50.8 %
25.0
8 bar, 5 minutes 8 bar, 33 days 8 bar, 33 days
20.0 188 19.3 19.0

15.0

10.0

5.0

0.0

a M Initial Thickness (mm) b B Thickness after ageing (mm)
¢ | Initial Conductivity (mW/{mK)) d ® Conductivity after ageing (mW/(mK))

e | Initial Thermal Resistance f = Thermal Resistance after ageing

Fig. 24 Thickness and thermal conductivity for VIPs exposed to elevated pressures (8 bar) , before and after exposure.

As can be seen from Table 3 and Fig. 24 the thermal conductivity increase of VIPs V3 and V4 were
significantly larger than the increase for the V2 VIP. The same effect can be seen on the thermal
resistance of the VIPs. The permanent reductions of thickness for the three panels were similar in
size, as all had a reduction of approximately 10-15%.
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9 Discussion

9.1 Accelerated Ageing Tests

Accelerated ageing tests are laboratory methods used to evaluate the performance of a materials or
a solutions over time. Various methods exist for the accelerated ageing of different materials. The
obvious advantage of accelerated ageing tests is that they can be conducted within a limited
timeframe. Hence, poor performance over time can be identified in the controlled environment of
the laboratory, and costly damages and refurbishment of constructions in the future might be
avoided.

Still, accelerated ageing has its limitations. The use of severe climate conditions such as extreme
temperature variations, high relative humidity and exposure to UV-radiation, might lead to responses
by the material that will not be caused in normal building application. This should be kept in mind
when results from accelerated ageing tests are evaluated and used.

Despite this, accelerated ageing tests remain a useful and powerful tool in evaluating performance
over time within a limited period, given that due care is offered to the limitations of the methods and
their results.

9.2 Results from Ageing Tests

The total change of thermal conductivity for all VIPs subjected to ageing tests were relatively low,
compared to the initial thermal performance. This is, however, in agreement with prediction curves
for the ageing of VIPs under constant climatic conditions. For a VIP with a MF4 laminate and size
100 cm x 100 cm x 2 cm, the predicted thermal conductivity after 100 years is about 8.5 mW/(mK).
This represents an increase of only 4.5 mW/(mK), or less than 0.05 mW/(mK) each year. Hence, a
relatively low increase in thermal conductivity should be expected if the predictions are correct.

Of the several experiments conducted the CUAP experiments and the temperature and moisture
experiments are the easiest to compare with the predictions, as the climate strain for these
experiments are constant and uniform. In Fig. 25, the results from the CUAP experiment is compared
to theoretical prediction curves. The prediction curves are based on the thermal conductivity model
from Eq. (18). Properties for a MF4 VIP have been used. An Arrhenius factor of 5.8 has been applied,
based on results for MF2 VIPs presented in Table 2. For the plotted measurement values for the
CUAP VIP, the values have been normalized to the initial thickness of the VIP, to compensate for the
increased thickness due to swelling.

As can be seen from Fig. 25, the measured values are comparable with what can be predicted using
theoretical relationships. The predicted thermal conductivity is highly dependent upon the moisture
content of the surrounding air. The moisture content in the heating cabinet where the VIP was
stored is difficult to determine exactly, but is estimated at 2% RH. At as high temperatures as 80°C
the sensitivity of the prediction models to increased RH becomes quite large. For increasing moisture
contents in this temperature range, the prediction models might overestimate the thermal
conductivity increase.
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Fig. 25 Comparison of results from the CUAP experiment with theoretical prediction curves. The thermal conductivity
values measured for the CUAP VIP has been normalized for a standard thickness, to compensate for the swelling
experienced during the experiment.

In general the thermal conductivity increase was relatively low, as expected, and the VIPs showed
high resistance to extreme climatic strains. The results indicate that the VIPs have indeed
experienced an accelerated ageing, and final thermal conductivities also show that the experiments
have not damaged the envelope barrier or compromised the resistance to gas and water vapour
diffusion. If any of the latter effects had been discovered, the conducted ageing experiments would
be deemed unfit.

The temperature and moisture experiment showed potential to give the highest acceleration effect,
but was discontinued when failure of the VIP was discovered. The few results found prior to this are
inconclusive as to the acceleration effect of the procedure. From theoretical relationships it seems
likely that this method will provide at least as high acceleration effect as the CUAP method, as
moisture permeates more easily through the envelope than air gases, and since moisture can
potentially contribute greatly to the thermal conductivity. However, results from other studies
suggest that such high moisture contents and temperatures as used here will lead to failure of the
VIPs within 2 years (Brunner et al. 2008). Some moisture diffusion is to be expected for VIPs in
building applications, and one of the weaknesses of the CUAP method is that it does not specify the
moisture content for the external climate of the VIP. The VIP exposed to the ageing procedure from
the CUAP experienced a steady reduction of thermal performance. The change was slow, however,
and the VIP showed high resistance to the extreme temperatures. The CUAP procedure is evaluated

below.

Two of the VIPs exposed to ageing conditions, the temperature and moisture aged VIP and the
protected VIP in the climate simulator, showed reductions in thermal properties that cannot be
accounted for by ageing effects alone. The temperature and moisture aged VIP had a thermal
conductivity of 17.9 mW/(mK) after 60 days in ageing conditions. The protected VIP in the climate
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simulator experienced a more modest increase, but 6.6 mW/(mK) is still far higher than expected,
especially when the exposed VIP in the simulator showed no increase in conductivity in the same
period. These failures show the obvious weakness of using only one sample for each ageing
procedure. Ideally, more samples should have been used, to eliminate the effects of possible outliers
or premature failures. The failures does also show one of the major weaknesses of VIPs; their relative
fragility. When VIP failures is found even in the controlled environment of the laboratory, where
special care is taken to avoid mechanical damage, it shows that it is a thermal insulation solution that
demands extreme care in building applications. And even this is no guarantee to avoid failure.

The exposed panel in the vertical climate simulator showed remarkably stable thermal properties.
Apart from the physical alterations to the VIP at the beginning of the exposure, no further changes
occurred during the 180 days of climate exposure. The thermal conductivity rose merely 0.25
mW/(mK) during this period. This demonstrates the high resistance of VIPs to the various climatic
loads experienced in the climate simulator.

9.3 Evaluation of the CUAP Method

For the temperature ageing test performed in this work, a method suggested in CUAP 12.01/30 has
been employed. The basis for choosing this method is twofold. Firstly, in lack of other standardized
methods, it was a natural starting point for the evaluation and design of accelerating experiments.
Secondly, the performed experiments would help in evaluating the suitability and ageing effects of
the CUAP method itself.

The basis for the proposed procedure is based on the common understanding that increased
temperature has accelerating effects on building materials and components. For VIP application
however, the method lacks several identifiable variables. Most pronounced of these is that no
climate factors except temperature are specified. With knowledge on the vital impact moisture has
on long term performance of VIPs, limits for relative humidity should be specified. The CUAP states
that the ageing procedure is supposed to cover 25 years of ageing, but it is not specified for what
conditions or applications this assumption is made. This ought to be included in a complete
procedure. The final measured thermal conductivity for the VIP tested in this work, after 180 days,
was 5.15 mW/(mK). Comparing this to the 100 years plots for thermal conductivity in Fig. 7 and Fig. 8
it seems that the CUAP falls a little short of covering an ageing period of 25 years.

Finally, results presented in this work suggest that a temperature of 80°C might be too harsh on the
VIPs. Although temperatures up to 80°C might be encountered in parts of a normal building, e.g. in
roofs and wall constructions, it is limited to short periods of exposure. Subjecting the VIPs to 80°C for
an extended period of time might lead to effects on the VIP that is unlikely in real life application, and
will thus give wrong information on the VIP performance. As a comparison, a typical upper
maximum temperature used for ageing of polymers is between 60°C - 70°C.

9.4 Pressure Tests

The results from the pressure testing are summarized in Table 3 and Fig. 24. VIP sample V2, which
was exposed to 8 bar overpressure for a short time only, experienced an instantaneous increase in
thermal conductivity of 1.5 mW/(mK). This can possibly be explained by increased solid conductivity
of the VIP as pores collapse under the applied high pressure. This is in agreement with results
performed within the IEA/ECBS project on VIPs by the National Research Council of Canada (NRC). In
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that study 4 VIP samples were subjected to 5 bar overpressure for 30 days and then 3 bar
overpressure for 15 days. All panels experienced shrinkage of approximately 6%, and a sharp
decrease in thermal resistivity. This is concluded to be an effect of collapsed pore structure
(IEA/ECBS, Annex 39).

In this study, VIP samples V3 and V4 experienced a much larger increase in thermal conductivity than
the V2 panel, but only a slight difference in shrinkage. This relatively high increase cannot be
interpreted in terms of the theoretical predictions for accelerated gas diffusion due to increased
external pressure as stated in ch. 6.3 alone. It could either be explained by a further change of the
pore structure of the core over time, or by some other unknown effect on the VIP, owing to the high
pressure. Another explanation could be that the increased pressure leads to an increased diffusion
of gases through microscopic failures in the VIP envelope which cannot be accounted for with the
prediction models applied.

Whatever the reason, it is considered significant that the thermal properties of the VIPs continued to
degrade over time at elevated pressures, despite the geometrical reductions remaining
comparatively constant. The mechanisms leading to increased thermal conductivity over time is
difficult to ascertain, but is assumed to be a combination of increased solid conductivity due to
collapsed pores and some unknown effect on the core or envelope due to the high external pressure.

Based on these preliminary results on pressure ageing of VIPs, the suitability of the procedure ought
to be evaluated. One obvious weakness of the method is that it is difficult to determine the cause of
the observed changes in VIP properties. Ideally the internal gas pressure of the VIPs should be
determined to register any diffusion of gases into the VIPs. In addition, ideally more samples should
be used, and should be stored for longer periods of time to evaluate any difference this might have
on the VIP properties. This could be the scope of future investigations. Despite these drawbacks, the
procedure was intended to uncover any difference between just pressurizing VIPs for a short time
and storing at an elevated pressure for an extended period of time. This was accomplished. The
procedure is thus considered relevant for a situation where the possible effects were largely
unknown.

Results in this work indicate that elevated pressures might serve as an accelerated ageing method of
VIPs. Attention should, however, be given to the effects shrinkage has on the core material and VIP
properties.

9.5 Physical alterations

During some of the experiments, physical changes occurred on the panels, which might or might not
affect their performance over time. The most pronounced visible change was that the outer fire
protection fleece layer loosened from the VIP envelope. The effect of this was purely visual, as no
change in thermal conductivity occurred. The change in fire resistance of the panel has not been
tested, though. The most likely reason the fleece lifted from the envelope was due to induced
failures in the glue used to fasten it when subjected to high temperatures. One should note that
temperatures up to about 60°C and somewhat above may occur at the surface of VIPs in some wall
or roof applications.

Another interesting physical change occurred on the VIP exposed to the CUAP ageing method. This
panel swelled after some time in the heating cabinet at 80°C. This did not have any direct effect on
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thermal performance, as the thermal resistance of the panel remained much the same. It is,
however, difficult to judge what causes this swelling, and what effect it might have on the VIP
performance over time. This has not been investigated further at this time.

When the exposed panel in the vertical climate simulator was taken out of the simulator for testing,
it was found that the VIP had curved towards the exposed side. The curve was quite pronounced as
can be seen from Fig. 20. This can possibly be explained either by a reaction to the rapidly changing
temperatures, or to the exposure to UV-radiation. Some physical changes to the envelope laminate
may cause tension in the VIP and thus force the panel to curve. This effect is especially interesting for
interim storage of VIPs on construction sites. Special care should be taken to protect VIPs from
severe temperature strains or UV-radiation during storage.

Most of the physical changes of the VIPs in this study might be an effect of the severe climatic strains
they are exposed to. Too much emphasis on these changes should therefore be avoided. However,
for the design and evaluation of future ageing experiments, it will be of interest to be aware of such
changes occurring.

9.6 Possible Water Permeation Effects

The effects of water vapour on VIPs in actual building applications are difficult to estimate. Still it is
one of the most important parameters for performance of VIPs over time. A discussion on the
various effects moisture may have on the core material and on the thermal performance of VIPs is
found in ch. Feil! Fant ikke referansekilden. and Feil! Fant ikke referansekilden..

It is certain that moisture permeates through the envelope over time. Desiccants are commonly not
used for modern VIPs, as the silica based core material has a quite high capacity to absorb water. But,
this absorbed water will also have an effect on the thermal conduction through the VIP. How much
water can be absorbed by the core material before a pronounced effect is noticed is not presently
known.

In addition, although VIP envelopes are more permeable to water vapour than air gases, one could
argue that the effect of moisture on thermal conductivity is limited. Assuming a constant moisture
isotherm of X,=0.08E (mass% RH) the moisture content of the VIP reaches equilibrium at 6 mass%
for 75 % RH. This leads to a rise in thermal conductivity of 3 mW/(mK). Although this is a considerable
increase, a constant external environment of 75 % RH is unlikely. If, in a real life situation, RH varies
between 20 % and 75 %, the moisture content would be between 1.6 mass%, corresponding to an
increase in thermal conductivity of 0.8 mW/(mK), and 6 mass% with alternating moisture transport
into and out of the VIP. Moisture content will consequently vary, and not reach a definite value.
However, it should also be remembered that water vapour contributes to the increase in thermal
conductivity, through increased gas pressure. Even if the absorbed moisture has a limited effect, the
total effect of moisture may be substantial. Still, it could be argued that the most critical parameter
for VIPs in actual constructions is the air pressure increase, as this is only limited as the internal
pressure reaches atmospheric pressure.

The effect of moisture on VIP performance over time is not sufficiently known. Especially for VIPs
exposed to severe moisture loads, either in special applications or in accelerated ageing, the effects
of moisture should be studied more extensively.
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10 Conclusions

A comprehensive study of ageing of vacuum insulation panels (VIP) has been performed. Through
theoretical studies a variety of climate factors important for the ageing of VIPs have been identified
e.g. temperature, humidity and pressure. Predictions have been made to evaluate the performance
of VIPs with various barrier laminate solutions over time. These predictions have been used as a basis
for comparison with VIPs subjected to accelerated ageing. Based on theoretical relationships for
ageing of VIPs, miscellaneous strategies of performing accelerated ageing experiments on VIPs have
been investigated.

In general, the thermal performance of the VIPs subjected to ageing procedures changed very little.
This is, however, in agreement with theoretical predictions, and would be expected from a high
performance thermal insulation solution such as VIP.

The temperature and moisture experiment seemed to achieve a quite high acceleration effect, but
experiments had to be discontinued due to panel failure. Evidence from literature suggests that the
climatic loads in this test might be too severe to serve the purpose of accelerated ageing, as high
moisture content in combination with high temperature is found to cause VIP failure.

Some physical changes were observed on the VIPs. On the panels subjected to thermal ageing the
outer fire protection fleece layer lifted from its substrate after less than a week, and after
approximately 100 days the panel had swelled about 10%. The exposed panel in the climate
simulator experienced a similar effect as the thermally aged panel, with the fire protection fleece
lifting from the substrate. In addition this panel curved permanently during exposure. However, too
much emphasis should not be given to these aspects, as they may be an effect of the extreme
climatic conditions that would not be encountered in real building applications.

The panels stored at overpressure (8 bar) for 30 days showed a large increase in thermal
conductivity. Some of this increase is an effect of the shrinkage of the panel and increased
conductivity due to collapsed pore structure. Similar physical effects on a VIP that was pressurized to
8 bar, then depressurized after a few minutes and stored at atmospheric pressure did not, however,
give a similar large increase in thermal conductivity. It could thus be assumed that some other factors
contributed to the increase in thermal conductivity, either through physical changes to the core or
due to diffusion of gases into the VIP.

Due to the high resistance of VIPs both to temperature, moisture and cyclic loads only a low
acceleration effect could be observed for any of the experiments. The CUAP experiment and the
moisture and temperature experiment gave the highest significant increase in thermal conductivity.
Although VIPs show a high resistance to external climatic loads, it should be noted that it still remain
a fragile thermal insulation solution.
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