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Abstract

A concrete wall externally insulated with six expanded polystyrene boards, each containing three
vacuum insulation panels, was investigated both experimentally and numerically. The main goal of
this study was to determine the thermal performance of vacuum-insulation panels applied to walls in
building constructions. Comparisons were made with conventional insulation and also with systems
including damaged, i.e., vented vacuum panels. Since the vacuum insulation panels are encased in a
metallized laminates as barriers against permeation of moisture and gas, special attention was given
to the edge effects. Stepwise adjustment of the measured and calculated results reported here provide
a general assessment of the efficacy of this insulation system applied on different wall materials. A
functional representation of the measured data, for steady-state conditions, is introduced. Moreover,
infrared thermography was used to confirm the three dimensionally calculated temperature distribu-
tions on the surface. The present investigation was part of the research programme “High Perfor-
mance Thermal Insulation in Buildings and Building Systems” of the international energy agency
(IEA).
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1. Introduction

Since the end of the 1990s, a new type of highly insulating material [1,2] the so-called
vacuum insulation panels (VIP) has been developed and introduced to construction tech-
nology. The most alluring feature of VIPs is their 5-10 times higher thermal resistivity for
heat flow perpendicular to the main faces compared to conventional thermal insulation.
This property opens the field for slim, energy efficient building envelope design which al-
lows to enlarge the useable inner room sizes for a given exterior construction volume with-
out reducing the thermal comfort.

The VIP consists basically of a micro-porous core structure which is vacuum-packed
and encased in a multi-component barrier envelope (Fig. 1). This has to be gas and mois-
ture tight in order to maintain the low thermal conductivity of the core.

While, during a first development period, an open-celled polystyrene foam has been
used as core material, fumed silica powder (SiO, agglomerate) has become nowadays
the main core component in VIP applications in buildings. One of the reasons for the
choice of this material is the fact that, compressed to about 200 kg/m?, the pore size be-
tween the SiO, grains is well below the mean free path of atmospheric gas molecules at
internal pressures of 1-10 mbar. Thus heat transfer by convection [3,4] is minimized
and limited to conduction (2-3 mW m~' K™} in the solid matrix, and thermal radiation.
The latter is further reduced to about I mW m~! K~! by the admixture of an opacifier to
the basic fumed silica powder. The barrier envelopes have also been improved continu-
ously by downsizing the thickness of the aluminum film from around 10 um to about
90 nm. This in turn reduces the lateral heat losses. Simultaneously to these improvements,
investigations on the aging mechanisms and the service life of these widely-used barriers
have been discussed [3]. Even though the improvement of the VIP barrier film is still ongo-
ing [5,6], its vulnerability to mechanical stress usually encountered on building sites and to
the welding seams as a potential source of leakages remains. This requires special protec-
tion measures not only during the construction period but also over the entire building
lifespan.

Ideally, VIP units should be covered by a protective layer, as was the case for the panels
examined in this study, where the VIPs were completely embedded in expanded polysty-
rene (EPS) preventing handling damage (scratches, cracks in the aluminum layer, etc.)
to the foil as well as additionally screening the VIP from moisture. The present investiga-
tion set out to determine the impact of VIPs on the overall thermal behaviour of a wall

d =40 mm

Metallized barrier envelope with a total
aluminium layer thickness of 90nm

Fig. 1. Cross-section through a corner of the used VIP type with associated schematic sketch.
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system for both intact and damaged cases. Hence hot-box measurements and steady-state
3D calculations have been carried out in parallel and their results are compared. A
functional representation of the influence of damaged VIPs is given as well.

2. Experimental set-up

The thermal transmittance measurements were carried out using a guarded hot-box
apparatus complying with the international standard ISO 8990 [7]. The overall opening
of the apparatus was 2.680 m in width x 3.080 m in height and the centrally-positioned
metering area was 2.003 m (width) x 2.504 m (height). The metering zone was surrounded
by a guard zone held at a stable temperature. The wall system was incorporated in a sur-
round panel made of an insulation material of known thermal properties and was fully
encompassed by the metering area on the warm side (Fig. 2). Although the wall dimen-
sions (1.500 m width x 2.000 m height) were in agreement with the opening of the sur-
round panel, they were not identical to those of the metering area in order to account
for edge effects. Hence allowance had to be made for the heat-flow component through
the surrounding panel when analyzing the results.

As prescribed by the international standard ISO 12567-1 [8], a set of six calibrations was
performed prior to the main measurement to determine the thermal resistance Ry, of the
surrounding panel (Fig. 3) and the convective fractions on either side [8]. Additionally to
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Fig. 2. Schematic vertical cross-section of guarded hot-box apparatus (dimensions in mm).
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Fig. 3. Thermal resistance Ry, of the surrounding panel as a result of preceding calibrations.

these prescriptions, surface temperatures were measured and the total surface resistance
was determined based on these values and the heat flux through the specimen. As the spec-
imen and the surrounding panel had about the same thickness there was no reveal depth.
This means that the radiation temperature on both cold and warm side was equal to the
respective baffle temperature.

3. Specimen

A dry concrete wall (4 years old) of 18 cm thickness was used as the massive part of
seven different sample configurations. Two layers of steel reinforcement were embedded
in it at depths of 8 and 3 cm below the surfaces of the cold and warm side respectively.
The density of the wall (including the reinforcement) was 2390 kg/m>. In order to have a
basic test as a reference for intercomparisons, the thermal transmittance of the non-insulated

Fig. 4. X-ray radioscope of an edge of the insulating board containing VIPs. The dark part is caused by the
aluminum layer in the barrier envelope of the VIP.
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concrete wall was measured first. For the following tests, six insulation boards were ap-
plied to the concrete wall. These boards had the following outer dimensions:
0.6 m x 1.0 m x 0.06 m (four pieces) and 0.3 m x 1.0 m x 0.06 m (two pieces).

Each of these contained three 40 mm thick VIPs laying side by side and surrounded all
over with a layer of EPS (p = 18.6 kg/m?) of about 1 cm thickness. Since the insulation
boards were delivered as a whole, no information about the exact position of the VIPs
within the boards was available. Instead of assuming an absolutely central position of
the VIPs, the method of X-ray radioscopy was applied to all the boards. An example of
this preliminary investigation is shown in Fig. 4. The resulting positions of the VIPs are
shown in Fig. 5. The sizes of the single VIPs according to the manufacturer were:
590 mm x 330 mm x 40 mm (12 pieces) and 290 mm X 330 mm X 40 mm (six pieces).
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Fig. 5. Position of the VIPs (dimensions in mm) within the insulation boards (go2—go7 is the nomenclature of the
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boards, each containing three VIPs).
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By reason of the technique used to form the VIPs it could be assumed that the VIPs were
in the middle of the thickness of the insulation board, so that this position was not
checked.

The VIPs were of the same type as pictured in Fig. 1 (metallized barrier envelope with a
total aluminum layer thickness of 90 nm).

To increase the thermal performance of the concrete wall, six insulation boards were
glued to the cold side of the concrete wall, similar to a conventional external thermal insu-
lation composite system (ETICS). For this purpose, plaster of about 10 mm thickness was
applied in stripes only (Fig. 6). On top of the insulation boards a layer of 6 mm thickness
of plaster was evenly applied. A mesh was also embedded in this layer of plaster. Four
days later a final layer of external plaster was put on the wall system. A detailed vertical
cross section including all measures is outlined in Fig. 7. The measurements and calcula-
tions were carried out for seven different configurations and temperature differences AT
over the sample:

(1) non-insulated concrete wall with AT of about 20 K;

(2) concrete wall with intact VIPs and AT of about 20 K;

(3) concrete wall with intact VIPs and AT of about 40 K;

(4) concrete wall with the middle VIP of go3 (Fig. 5) damaged (vented)
and AT of about 40 K;

(5) concrete wall with three VIPs (go3 in Fig. 5) damaged and AT of about 40 K;

(6) concrete wall with six VIPs (go3 and go4 in Fig. 5) damaged and AT of about 40 K;

(7) concrete wall with nine VIPs (go3, go4 and go2 in Fig. 5) damaged
and AT of about 40 K.

Fig. 6. Plaster stripes on the insulation board to glue it onto the concrete wall.
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Fig. 7. Cross-section detail of the investigated wall (dimensions in mm).

For all these configurations the concrete wall was not dismounted from the surrounding
panel, thus ruling out any potential errors due to mounting and handling operations. To
damage the VIPs, a 2.5-mm diameter 35 mm deep hole was drilled into each panel.

4. Visualisation by infrared thermography

Infrared thermography was used to visualize the surface temperature distribution of the
specimen. This supplied information on the weak points and the influence of damaged
VIPs compared to intact ones, as both were likely to leave an imprint on the temperature
distribution. A further advantage of IR thermography was the possibility of checking air
tightness at the junctions between the specimen and the surrounding panel. As a first
check, IR pictures of the reference measurement (case 1) were mapped to find out whether
the concrete reinforcement buried to a depth of 8 cm beneath the cold side of the wall af-
fected the surface temperature distribution. Hence, the cold side of the hot box was moved
aside after each measurement while the specimen remained connected to the warm side un-
der unchanged thermal conditions. Given the fact that the laboratory temperature was
around 22 °C, it is easily understandable that the predominant temperature difference of
approximately 40 K could only be maintained shortly after opening the hot box. Therefore
the IR pictures had to be taken very quickly (within one minute). It would have been
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possible to take IR pictures from the warm side of the hot box, where conditions would
remain stable after opening the hot box, but the thermal conductivity of concrete
(1.87 Wm ' K!) would blur the apparent influence of weak spots and damaged VIPs
too much.

5. Numerical analysis

Numerical analysis was carried out for all seven configurations including the metering
zone of the hot box using the TRISCO program [9], which calculates the three-
dimensional steady-state heat-transfer in objects described in a rectangular grid using
the energy-balance technique. The most challenging task of this analysis was to develop
a simplified yet adequate model, as the thinnest layers contained in the specimen had a
thickness of 30 nm with a very high thermal-conductivity of 230 Wm ™' K~' embedded
in a material with a fairly low conductivity of 0.0053 W m~' K~! (Table 1). These abrupt
changes in size and thermal conductivity were accommodated by various simplifications
such as combining three (30 nm) aluminum layers into a single 90 nm layer and a very fine
mesh. The same approach was adopted for the substrate layers (different polymers) of the

Table 1
Thermal conductivities of used materials measured by means of a hot-plate apparatus or determined by hot-box
measurements

Material Thermal conductivity Material Thermal conductivity
(Wm™ K™ (Wm™ K™
Plywood of birch 0.16 Non-metallic part of VIP foil 0.23*
Expanded polystyrene 0.0335 Aluminum coated 230°
(p = 18.6 kg/m’)
Reinforced concrete 1.87° Polyethylene (low-density) 0.32%
Plaster 0.29% VIP core-material intact 0.0053°
External plaster 0.7% VIP core-material damaged 0.020°

# Values given by manufacturer or the literature [12].
® Values resulting from comparison between measurement and calculation.

Table 2
Measured boundary conditions used as input for the numerical calculations
Case Specimen description Cold side Warm side
gne he eni hi
(°C) (Wm?2K™) (°C) (Wm?2K™)
1 Non-insulated concrete wall with AT of about 20 K 2.10 20.82 21.23 8.60
2 Concrete wall with intact VIPs and AT of about 20 K 2.05 21.83 2197 6.76
3 Concrete wall with intact VIPs and AT of about 40 K —17.82 21.20 21.85 7.11
4 Concrete wall with the middle VIP of go3 (Fig. 5) —17.80 15.42 21.83 7.24
damaged and AT of about 40 K
5 Concrete wall with all three VIPs of go3 (Fig. 5) —-17.82 16.87 21.80 7.33
damaged and AT of about 40 K
6 Concrete wall with all six VIPs of go3 and go4 (Fig. 5) —17.84 15.73 21.78 7.45
damaged and AT of about 40 K
7 Concrete wall with all nine VIPs of go3, —17.83 14.35 21.75 17.50

go4 and go2 (Fig. 5) damaged and AT of about 40 K
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barrier envelope. The area of the joint around each of the 18 VIPs was handled using a
special simplified model [10]. Even so, the modelling ended with a total of about 2.3 mil-
lion nodes which made it necessary to validate the results by other means than the pro-
posed accuracy check stated in the standard EN ISO 10211-1 [11]. The thermal
conductivities of the materials used in the model, as shown in Table 1, were either based
on tabulated values [12] or found by stepwise adjustment and comparison with measure-
ments [10]. The boundary conditions (environmental temperatures and surface heat-
transfer coefficients) used for the numerical analysis corresponded with the values of the
measurement (Table 2). As the specimen with the insulation boards filled the whole depth
of the surrounding panel, there was no need to use partly reduced surface coefficients in
the simulations.

6. Stepwise evaluation of measurement and numerical analysis

As the two investigation methods (measurement and calculation) are complementary, a
stepwise evaluation method was used to determine the edge heat-loss for each measured
configuration, the effective thermal conductivity of the reinforced concrete and of the in-
tact as well as the damaged (vented) VIP core. For each measurement, three numerical cal-
culations were carried out:

The first including the wall and the surrounding panel, was adjusted to the measure-
ment by varying the effective thermal-conductivity of the reinforced concrete (i = 1: con-
figuration 1), the thermal conductivity of the intact VIP (i = 2: configuration 2) and of the
damaged VIP core (i = 4: configuration 4)

dsin‘c = cpsur.,c + gzjsp‘c(/li) + lpedge ()Li) : Ledge : AT,,, (1)

where ;. is the calculated total heat-flow rate [W], @, the calculated heat-flow rate
through the surrounding panel only [W], &g, the calculated heat-flow rate through the
specimen only [W], Wqee the calculated linear thermal-transmittance [W m 'K,
AT, = environmental temperature difference [K], Legee is the joint length of surrounding
panel and specimen [m](=perimeter of the specimen).

The second calculation accounted for the specimen only and ignored the surrounding
panel by setting adiabatic boundary-conditions instead. This provided the value of the
heat-flow rate through the specimen only (@, ). Finally the surrounding panel alone
was the object of the third calculation yielding the value of the heat-flow rate through it
(Psurc). The linear thermal-transmittance (Weqge) of the wall could thus be determined
by solving Eq. (1) for ¥ qge.

The so calculated linear thermal-transmittance was used to determine the measured U-
value of the specimen (Uw ) according to Eqgs. (2) and (3):

(gpin‘m - ¢sur,m - gDedge)

U m — )
W, AT, - A

(2)

where Uw.,, is the measured U-value of the wall including the insulation boards
W m~2 Kil], ®;,m the measured total heat flow rate input [W], @y, the measured
heat-flow rate through the surround panel only [W], ®.4.. the heat flow rate through
the edge zone between the specimen and the surround panel [W] and A4 is the area of
the specimen [m?].
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(pedge = Ledge : lpedge : ATm (3)

where AT, is the measured air temperature difference across the specimen [K] and ¥ qg, is
the calculated linear thermal-transmittance [W m 2 K!].
This measured U-value was compared to the calculated U-value resulting from Eq. (4):

s @

UW,C - ATn—A

7. Results and discussion

The application of the above procedure to configurations 1, 2 and 4 resulted in equiv-
alent thermal-conductivities for the reinforced concrete of 1.87 W m ! K !, the intact VIP
core of 0.0053 Wm ' K~! and the damaged VIP core of 0.020 Wm ™! K~! (see values
with a superscripted b in Table 1) which were close to the reported value of another study
on a VIP equipped specimen [13].

The value for the undamaged VIP core is somewhat higher than the average value of
0.0043 Wm™' K~! reported in [10], but the determination of the thermal conductivity
of some dismantled VIPs (without the surrounding EPS) performed in a guarded hot-plate
device, after having finished the U-value measurements, resulted in a value of
0.0049 W m~' K~! with an internal pressure of the VIPs of 3-4.5 mbar. This higher ther-
mal conductivity compared to the values given in [10] is most likely due to a VIP core
which was less extensively dried. Such an influence of the water content of the VIP core
to the thermal conductivity is published in [3,4].

Table 3

Measurements and calculated results

Case Specimen description Pinm Dinc Uw.m Uw ¢ Uw st

W) (W) (Wm?2K™) Wm?K!YH) (Wm?K")

1 Non-insulated concrete wall 22891 228.78* 3.83 4 0.08 3.84 3.74
with AT of about 20 K

2 Concrete wall with intact VIPs 18.83  18.50* 0.16 % 0.01 0.17 0.16
with AT of about 20 K

3 Concrete wall with intact VIPs 36.86  36.65 0.16 & 0.01 0.17 0.17
and AT of about 40 K

4 Concrete wall with the middle 38.97 38.01* 0.18 4 0.01 0.18 0.19

VIP of go3 (Fig. 5)
damaged and AT of about 40 K

5 Concrete wall with all three 42.05 41.01 0.21+40.01 0.21 0.21
VIPs of go3 (Fig. 5) damaged
and AT of about 40 K

6 Concrete wall with all six 46.41 45.55 0.25+0.02 0.25 0.25
VIPs of go3 and go4 (Fig. 5) damaged
and AT of about 40 K

7 Concrete wall with all nine 50.84 49.89 0.29 + 0.01 0.29 0.29
VIPs of go3, go4 and go2
(Fig. 5) damaged
and AT of about 40 K

% These values are adjusted.
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Based on the above stated values for the thermal conductivity of the materials used, a
comparison between calculated values and measurements was done for configurations 3, 5,
6 and 7 (Table 3) by means of the U-value which is the standard parameter for building
elements in real applications.

It is immediately noticeable that the measured (column 3) and the calculated (column 4)
total heat-flow rates lie extremely close. This shows clearly that the adjustments made for
cases 1, 2 and 4 between measurements and calculations were appropriate to provide a
good degree of concordance for the cases 3, 5, 6 and 7.

The influence of the damaged VIPs on the U-value of the insulated wall (columns 5 and
6 for the cases 3—7) were plotted with respect to two different aspects (modified x-axis),
namely:
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Fig. 8. Overall U-value of the insulated concrete wall as a function of damaged VIP-area.
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Fig. 9. Assessment of the influence of the ratio of the damaged VIP-perimeter to the intact VIP-perimeter.
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(a) Total damaged VIP-area (Fig. 8).
(b) The ratio of damaged to intact VIP-perimeter length: Lyamaged/ Lintact (Fig. 9).

To enable the extrapolation of these two plots beyond the measured cases, additional
calculations were carried out for the maximum damaged VIP area. The almost linear
behaviour of the U-value with increasing damaged VIP-area (Fig. 8) can be explained
by the surrounding insulation material of the VIPs which dampens the edge effect of the
adjacent VIPs within one board.

As U-values are usually reported as standardized heat-transfer coefficients, an appropri-
ate conversion (Table 3, column 7) of the measured values (Table 3, column 5) was done
according to Eq. (5):

Uwa = [Uylm + 017 = Roioum| (5)

where Uw,, is the measured U-value of the wall including the insulation boards
[Wm 2K '], 0.17 the standardized total surface thermal resistance [m* K W~'] and
R or.m 18 the measured total surface thermal resistance [m?> K W1].

Fig. 10 shows the improvement of a supporting construction by the application of the
investigated VIP system as a function of the thermal resistance of the supporting construc-
tion according to Eq. (6):

1
Rsupconslr + RInsulation + Rsi + Rse ,

Uw = (6)
where all the following parameters are based on measurement: Uy is the U-value of the
wall [Wm 2K '], Ry the surface thermal resistance on the warm side [m*> K W'}, Ry
the measured surface thermal resistance on the cold side [m2 K Wfl], Rinsulation the mea-

0.9
K —a— without insulation
0.8
—a— with all VIPs damaged
0.7
) —¥— with 120mm conventional insulation
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o —o— with VIP insulation boards intact
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Fig. 10. Potential improvement by the applications of 60 mm-thick insulation boards containing VIPs which are
half the thickness of a conventionally used insulation.
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sured thermal resistance of the insulating layer [m* K W], Rgupconstr 1 the measured
thermal resistance of the supporting construction [m> K W~'].

This is valid for quasi-homogeneous supporting constructions such as concrete, porous
concrete, etc., excluding constructions with severe thermal bridges, which can be
confirmed by means of IR-thermography. Applying Eq. (6) to configuration 1, where
Ripsulation = 0, results in the thermal resistance of the reinforced concrete R.oncrete =
0.0972 m?> K W', This value together with the application of Eq. (6) to configuration 2
leads to Rinsulation = 5.883 m*> K W~!. Additionally the effect of a conventional insulation
layer of 120 mm thickness and a thermal conductivity of 0.036 W m~' K~! was calculated
and is represented in Fig. 10.

IR thermography showed no influence of the reinforcing rods on the temperature dis-
tribution of the cold side. As seen in Fig. 11 this method visualized the different thermal
resistances of the intact VIP and the surrounding EPS as measured in case 3. A qualitative
comparison between IR-detected and calculated surface temperature distribution for con-
figuration 7 is given in Fig. 12. The damaged VIPs (boards: go2, go3 and go4) are clearly
recognizable. It has to be mentioned that the boundary conditions are ideally homoge-
neous for the calculation, contrary to the unstable conditions shortly after opening the
hot box for IR-thermography. The black dots on the IR image are due to some glue mate-
rial left on the wall, having a different emissivity than the wall surface.
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Fig. 11. Infrared (IR)-image (date 16.12.04; time 13:45:50) of the specimen’s cold side (case 3). Scale to the right
in degrees Celsius.
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Damaged VIPs Damaged VIPs

Fig. 12. Comparison of calculated (left) and infrared measured (right; date 24.02.2005; time 11:55:27)
temperature distribution on the cold side of the wall for case 7. The darker areas (higher temperature) indicate
damaged VIPs. The black dots are due to gluing material with a different emissivity. Scale to the right in degrees
Celsius.

8. Conclusions and outlook

A safe and promising application of VIPs in buildings involves their use under a pro-
tective layer. One such an example investigated in this study is a system of VIPs embedded
in EPS foam forming insulation boards mounted on an exterior wall.

The thermal analysis of this system was carried out both numerically and experimen-
tally, and resulted in the following conclusions:

e A thermal improvement of over 95% was realized by adding a layer of 60 mm insulation
boards containing 40 mm thick VIPs. Using conventional insulation, with a thermal
conductivity of 0.036 W m~! K~!, would require a total thickness of 212 mm (i.e. more
than factor 3.5 thicker).

e Besides the protective role, the thickness enlargening EPS foam reduces the edge effect
of the VIPs caused by the aluminum layers within their barrier envelope.

e Evenif 60% of the VIPs should be damaged (i.e. no vacuum), the wall system still exhibits a
U-value below 0.3 W m~2 K~!, so meeting the requirements for walls of new buildings in
Switzerland. This would correspond to a thickness of 90 mm of conventional insulation.

The stepwise evaluation of measurements and calculations as practiced in this contribu-
tion, demonstrates clearly the benefit of this technique.

IR thermography can be used as an inspecting tool to recognize damaged VIPs when
the difference between the external and internal temperature is above 20 K, i.e., winter
conditions.
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To develop another simple in situ method for checking the quality of implemented VIPs
in already existing facades would be a step forward in promoting VIP technology.
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