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ABSTRACT 

Energy efficiency of the built environment greatly depends on the performance of the insulating 

materials used in the building envelope construction. Vacuum insulation panels (VIPs) offer 

excellent thermal resistance properties that can enhance the energy efficiency of the insulating 

systems and provide savings in energy consumption. However, VIP systems are virtually 

unknown and rarely used for building construction in North America. There is a need to 

investigate the use of VIPs in various components of building envelopes and their long-term 

performance. The National Research Council (NRC), Canada, Institute for Research in 

Construction (IRC) is investigating a number of fundamental aspects related to the performance 

and construction of VIP, which this paper discusses. More specifically, it reviews the underlying 

basics behind the functioning of VIPs and presents results from the investigation into the 

development of alternative core materials for VIP construction. 

KEYWORDS:  Thermal Insulation; Vacuum Insulation Panel; Core Materials; Building 
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INTRODUCTION 

 

Existence of life on our planet is very much dependent on insulation. The layer of air that 

encompasses our planet is essentially an effective insulation blanket (Pelanne, 1978) keeping our 

planet inhabitable for us. In a more day-to-day life our interaction with insulating materials and 

systems is a recurring theme (thermos flask, clothing, fur, window glass, building envelope etc.). 

The search for a better and/or cost efficient insulation system remains an ongoing process 

involving the development of innovative technologies (Stovall, 1999; Kollie et al. 1991). 

The energy crisis of the 1970’s called for a review on how building envelopes are insulated and 

the system is built upon to reduce heat losses and improve energy efficiency of built 

environment. Canada, a country with very cold climate, was in the forefront of this technology 

and a renowned leader of research and development activities at that time. However, further 

technological developments in the area of insulation technology and recent global concerns about 

the climate change phenomenon show that there is room and need for improvement in the 

insulation technology for building envelopes. Hence, National Research Council (NRC) Canada, 

Institute for Research in Construction (IRC) has established a research program, supported by the 

Climate Change Technology Initiative (CCTI) of Canada, that broadly focuses on applicability 

of high performance vacuum insulation panel (VIP) in the building envelope construction.  The 

following sections of this paper presents the basics principles of high performance vacuum 

insulation technology and presents some selected results from this ongoing research program that 

focuses on the development of alternative core materials for VIP.  
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BASIC PHYSICS OF HEAT TRANSFER  

There are three basic heat transfer mechanisms that control the insulating capacity of 

conventional thermal insulation materials and these mechanisms (Figure 1) are: (1) Conduction, 

(2) Convection, and (3) Radiation.  

Conduction occurs when constituent particles of the insulating material are in physical contact 

and energy is transferred through this contact. 

Convective heat transfer happens as a result of energy transfer by moving constituent particles 

(i.e. gas or fluid) of the insulating material.  

Radiation takes place due to the emission of electromagnetic waves that transfer energy from the 

hot emitting object to a cold receiving surface and unlike conduction or convection this mode of 

heat transfer can take place when there is no contact medium (i.e. vacuum) between two objects.    

 

HIGH PERFORMANCE THERMAL INSULATION 

The need to control the heat flow is very critical for the proper functioning of the biological, 

chemical and mechanical processes that are considered the basic foundation blocks of modern 

civilization. The most basic form of thermal insulation that had been used for the construction of 

the built environment is the ‘air space’ between two layers of construction. With a better 

understanding of heat transfer mechanisms and the advent of advanced manufacturing 

technology, the development of high performance insulation has been relatively slow but steady 

in terms of the increased R-value of the thermal insulation. Each of the thermal insulations 

mentioned in Figure 2 has been recognized as ‘high performance thermal insulation’ until the 

next better insulation with a higher R-value is developed.  
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However, even now, enormous potential still exists to develop high performance thermal 

insulating materials and systems for the built environment construction and the fundamentals of 

this development lie within the basics of heat transfer mechanisms through the air space. As 

shown in Figure 3 (Shirtliffe 1972), heat flow through typical air space is primarily due to 

convection and radiation. However, the introduction of reflective surface in the airspace can 

reduce the radiation component of the heat flow to a minimum level. Furthermore the addition of 

some fibrous materials that restricts the airflow inside the air space can eliminate the convective 

heat flow phenomenon almost entirely.  

Hence, in any conventional insulation material, the three major components of heat flow are: (1) 

air conduction, (2) radiation and (3) solid conduction (Figure 4). The solid conduction and 

radiation components are functionally related to the bulk density of the insulation materials. 

However, the air conduction is an independent component and offers a significant opportunity to 

develop high-performance insulation materials by effectively reducing this component.  

The reduction of thermal conduction through air (i.e. air conduction) can be done in two different 

ways: (1) using a blowing agent gas, in place of air, with a thermal conductivity less than that of 

air, or (2) reducing the air pressure below the atmospheric level inside the insulation material.  

The first approach is the key for the development of closed-cell foam insulation where the 

gaseous blowing agents having thermal conductivity lower than air replace the air inside the 

closed cells. In effect, this approach reduces the air conduction component of thermal 

conductivity significantly depending on the type of blowing agent used in the closed-cell foam 

insulation, as shown in Table 1 (Wu and Eury, 2002). The thermal conductivity of most of the 

commonly used blowing agents is lower than half of the thermal conductivity of air. The 

researchers at the National Research Council (NRC) Canada, Institute for Research in 
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Construction (IRC) have been working on the performance of closed-cell foam insulation for 

more than 15 years now (Kumaran et al. 1989; Bomberg and Kumaran, 1991; Mukhopadhyaya 

et al. 2004). This research effort has so far culminated to the development of a standard test 

method for determination of long-term thermal resistance (LTTR) of closed-cell thermal 

insulating foams (CAN/ULC-S770). 

The second approach that reduces the air pressure inside the insulation material to increase the 

thermal resistance is a relatively new area of applied insulation research though the fundamental 

concept had been known for several decades (Verschoor et al. 1952). The increase of thermal 

resistance with the decrease of air pressure is also known to be a function of effective pore size 

of the insulation material (Kistler, 1935).  The thermal conductivity of air decreases with the 

decrease of effective pore size as shown in Figure 5 (Simmler et al. 2005). Despite having all 

these fundamental physics known to the researchers the application of this concept for the 

development of ‘high-performance thermal insulation’ did not take place until now.  This could 

be due to the absence of a suitable practical vacuum technology to create and maintain very low 

levels of air pressure inside the insulation material during their service life. However, recent 

global consciousnesses about the necessity to conserve energy and the spiraling demand for 

energy (Figure 6) have refocused attention on high-performance insulation research. The most 

notable and comprehensive initiative has been the recently completed IEA/ECBCS Annex 39 

project on vacuum insulation panels (VIP), HiPTI - high performance thermal insulation systems 

(Simmler et al. 2005; Binz et al. 2005). The NRC-IRC participated in this international 

collaborative research initiative as the Canadian representative. Other contributing countries 

were Switzerland, Germany, France, the Netherlands and Sweden 

(http://www.ecbcs.org/annexes/annex39.htm).    
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VACUUM INSULATION PANELS 

The construction of vacuum insulation panels is strictly based on the physics that the absence or 

reduction of gaseous pressure inside a porous material increases its thermal insulating potential. 

Accordingly a VIP is made with open porous core materials enclosed in an impermeable gas 

barrier (Figure 7a) and has three major components (Figure 7b).  

1. A core material imparts mechanical strength and thermal insulating capacity by preventing 

the free flow of the gas/air molecules thereby reducing the ability of heat transfer through air 

conduction. Ideal core materials should have an open cell structure, very small pore diameter, 

resistance to compression due to atmospheric pressure and very high resistance to infrared 

radiation. 

2. The gas barrier/facer foil provides the air and vapour-tight enclosure for the core material. 

The long-term performance of the VIPs is very much dependent on the performance of the gas 

barrier of facer foil. 

3. Getter/desiccant is added inside the core material to adsorb residual or permeating 

atmospheric gases or water vapour in the VIP enclosure. The addition of getter/desiccant 

increases the performance and longevity of VIPs.  

 

VIP – Advantages 

The thermal insulating capacity of VIPs is several times (up to 10 times) higher than 

conventional insulating materials (Figure 8). The panels are particularly useful in places where 

space is at a premium or where energy demand is high, such as the Canadian North. The higher 

insulating values of VIPs can effectively reduce the thickness of building envelopes. In cases 
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where the size of framing members is governed by their ability to contain insulation materials 

rather than by structural strength, the size of insulation cavities can be reduced, with a saving in 

materials, a maximization of usable building space and a reduction in waste and recycling needs 

at the end of the building service life. 

 

SEARCH FOR ALTERNATIVE CORE MATERIALS 

Researchers from the NRC-IRC have been working on the various issues related to the long-term 

performance and material characterizations during the last five years. These investigations have 

been carried out either through national or international collaboration.  

Laboratory studies on the vacuum insulation panels revealed its remarkable ability to maintain its 

thermal characteristics and internal pore pressure at a very low level after exposure to high 

relative humidity (90%) and temperature (32°C) conditions (Kumaran et al. 2004; 

Mukhopadhyaya et al. 2005; Simmler et al. 2005). However, despite the superior thermal 

performance of the VIP, the cost of the VIP still remains one of the major stumbling blocks that 

is holding back the wide application of VIP in the construction industry. The NRC-IRC is now 

working on the ways to bring down the cost of the VIP. To start with, research initiative is 

currently focussed on the development of alternative core materials for the construction of VIP. 

 

Why Focus on Core Materials? 

Long-term thermal performance of the vacuum insulation panel depends primarily on the gas 

barrier/ foil facer and the core material. While the gas barrier helps to maintain the air and 

vapour tight environment, the core material provides the insulating capacity. Recent studies at 

the NRC-IRC have indicated that commercially available vacuum technology and the foil 
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materials provide effective resistance against air and vapour permeation through the gas barrier 

(i.e. facer) and the facer seam (Mukhopadhyaya et al. 2005; Simmler et al. 2005). However, 

NRC-IRC studies have indicated that air and/or vapour will slowly and steadily penetrate into the 

core material, and this will raise the internal pore pressure and thermal conductivity of core 

material (i.e. reducing the thermal insulating capacity of the vacuum insulation panel). The 

extent of this thermal insulating capacity reduction depends at the initial stage on the capacity of 

the getter/ desiccant material to adsorb residual or permeating atmospheric gases or water vapour 

inside the VIP enclosure but ultimately on the relationship between pore pressure and the thermal 

conductivity change of the core material. The most commonly used core materials, as reported in 

the literature, are glass fibre, open-cell polyurethane foam, open-cell polystyrene foam, 

precipitated silica and nanogel (e.g. carbon/silica aerogel). The relationship between the thermal 

conductivity and the pore pressure for these materials is shown in Figures 9a and 9b 

(Heinemann et al. 1999 and Glacierbay website). It is very obvious from these figures that there 

is a threshold limit of pore pressure beyond which the thermal conductivity of the core materials 

increases almost exponentially and for some core materials this threshold value is as low as 

around 10 Pa and for some others it is as high as 10000 Pa. This phenomenon concerning the 

ability of the open-porous core material to maintain lower thermal conductivity at higher pore 

pressure is directly related to the pore structure of the material (Tye 1969; Simmler et al. 2005). 

Core materials with smaller open pores have the greater ability to maintain lower thermal 

conductivity at higher pore pressure (Figures 9a and 9b). For this reason precipitated silica, 

fumed silica and nanogel materials with micro or nano-porous structure maintain a very low 

vacuum-level thermal conductivity characteristic up to a pressure level of 10,000 Pa, unlike glass 

fibre, open-cell polyurethane foam and open-cell polystyrene foam. Incidentally, nano-porous 
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thermal insulating core materials are much more expensive than micro-porous materials. This is 

not because the basic materials required for the construction of nano-porous material are 

expensive but the manufacturing process to impart the nano-porous open-cell structure is very 

cost intensive. Quite naturally, the expensive core material is one of the main reasons behind the 

higher cost of vacuum insulation panels that offer a satisfactory long-term service life of the 

building envelope. 

To overcome this cost barrier for the mass application of vacuum insulation panels in the 

building industry, NRC-IRC researchers are engaged in a research project (Mukhopadhyaya, 

2006) that investigates the development of alternative core materials for the vacuum insulation 

panel.   

 

APPARATUS FOR INVESTIGATION ON CORE MATERIALS 

The NRC-IRC has recently developed a test apparatus, called a vacuum guarded hot plate or 

VGHP (Figure 10) that can characterize the thermal conductivity of open-porous insulating 

materials at various pressure levels, from atmospheric to vacuum. 

  

Construction of VGHP 

In principle, vacuum guarded hot plate or VGHP is a traditional guarded hot plate (GHP) that 

operates in an environment where the pressure can be changed from atmospheric (≈ 100,000 Pa) 

to very low level (≈5Pa).  The basics of VGHP construction can be found in the literature. The 

most recent one is from the National Physical Laboratory (NPL), Teddington, UK (Stacey, 

2002).  

The VGHP apparatus (Figures 10 and 11) has four main components:  
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(1) A pair of cold plates,  

(2) Main guarded hot plate,  

(3) Auxiliary heater plate (used in single sided mode), and  

(4) Vacuum chamber that encloses the guarded hot plate apparatus. 

The guarded hot plate (300 mm x 300 mm) inside the vacuum chamber conforms to the ASTM 

standard C177 ‘Standard Test Method for Steady-State Heat Flux Measurements and Thermal 

Transmission Properties by Means of the Guarded Hot Plate Apparatus’, or the ISO standard 

8302 ‘Thermal Insulation-Determination of Steady-State Thermal Resistance and Related 

Properties - Guarded Hot Plate Apparatus’. Repeated international round robin tests have 

confirmed that guarded hot plate apparatus at the NRC-IRC provides thermal conductivity 

measurements uncertainties within 1.5% (Zarr et al. 1997 ; Zarr et al. 2002; Zarr and Filliben, 

2002).  

 

DEVELOPMENT OF ALTERNATIVE CORE MATERIALS 

More recently, NRC-IRC researchers have developed two new candidates as potential 

alternatives for core materials. The use of locally available traditional insulating materials and 

inexpensive manufacturing technique bring down the cost of the VIP significantly. These 

materials are essentially layered composites made with thin slices of fibrous insulation board and 

fine insulating powder material. Two fibrous insulation materials considered in this study are 

mineral oxide fibreboard (MOF) and high-density glass fibreboard (HDGF), and the powder 

material under consideration is pumice. At first the thermal properties of these materials were 

determined individually and then as a composite, as described in the following paragraphs.  
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Fibrous Insulation Boards 

Two fibrous insulation boards under consideration are mineral oxide fibreboard or MOF (230 

kg/m
3
) and high-density glass fibreboard or HDGF (104 kg/m

3
). Thermal properties of these 

types of open porous materials at atmospheric pressure and at other pressure levels close to 

vacuum are well known and had been reported in the literature (Heinemann et al. 1999; Simmler 

et al. 2005). Thermal measurements done at the NRC-IRC using the VGHP apparatus (mean 

temperature ≈ 26 ± 2°C) at various pressure levels on mineral oxide fibreboard and high-density 

glass fibreboard are shown in Figure 12. These results show comparable trend and values 

reported for similar materials in the literatures (Heinemann et al. 1999; Simmler et al. 2005). 

These curves (thermal conductivity vs. logarithmic pressure) are usually expected to be smooth, 

however, there could be occasional minor irregularities as shown in Figure 12 for high density 

glass fibre insulation board between the pressure range 1,000 and 10,000 Pa. These could result 

from the rearrangement of the fibre packing structure and change in solid contact surface area 

due to the change of internal pressure inside the fibrous structure. Removal of water vapour 

present in the porous structure during the evacuation process can also lead to small or abrupt 

changes in the thermal conductivity during the evacuation process.  However, as could be seen in 

Figure 12 the thermal conductivities of mineral oxide fibreboard and high-density glass 

fibreboard rise rapidly with the increase of pore pressure, unlike precipitated/fumed silica or the 

nanogel materials (see Figure 9a). In fact, fibrous insulation materials considered in this study 

lost almost 80% of their thermal insulating capacity at pore pressure level 10,000 Pa compared 

with their capacity at lower pressure level (around 10 Pa, see Figure 12). Whereas 

precipitated/fumed silica or the nanogel materials retain almost 80% of thermal insulating 

capacity at pore pressure 10,000 Pa. The weak potential of the fibrous insulating materials to 
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retain the thermal insulating capacity is related to the size of its pore structures as shown in 

scanning electron microscopic (HITACHI S4800) pictures (Figures 13 and 14). These pictures 

(Figures 13 and 14), having same scale, clearly demonstrate that the diameter of the fibres and 

the pore space between the fibres are much larger in the high-density glass fibre insulation board 

than the mineral oxide fibreboard.  

 

Powder Insulation Materials 

Finely graded powders have been used as core materials for evacuated panels for its premium 

thermal performance (McElroy et al. 1990; Stovall et al. 1997). These insulating powders offer 

very low thermal conductivity at vacuum or low pore pressure. However, loss of thermal 

insulating capacity of the powders with the increase of pore pressure depends on the particle size 

distribution and the filler materials used. The powder material under consideration in this study 

is pumice (amorphous aluminium silicate). Pumice powder is made from the pumice rock, a very 

light coloured, and frothy volcanic rock that is formed from lava that is full of gas. The particle 

size distribution curve of the finely graded pumice powder has been generated in the NRC-IRC’s 

laboratory using a particle analyzer (MALVERN Mastersizer 2000), with water as dispersing 

agent, as shown in Figure 15.    

In order to determine the R-value of the pumice powder at various pressure levels, a purpose-

built ‘evacuation box’ has been assembled in the laboratory. The powder filled evacuation box is 

placed between the hot and cold plates of the guarded hot plate. The box (Figures 16 and 17) is 

made with thin (5 mm) laminated plastic sheets. The inside dimension of the box is 275 mm × 

275 mm × 25 mm. There are four rectangular (45 mm × 15 mm) openings on each edges of the 

box to carry out the gas evacuation process. These openings are covered with HEPA (High 
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Efficiency Particulate Air) filters that do not allow the powder particles to move out of the box 

during the evacuation process. The inside surfaces of the box is sprayed with black paint 

(emissivity ≈ 0.9). Also, several channels are engraved on the inner top and bottom cover plate 

surfaces for the placement of thermocouples (Figure 17). 

The thermal properties of the pumice powder were measured twice in this study. In the first case, 

the virgin (i.e. as it was received from the manufacturer) powder was packed to a density of 668 

kg/m
3
 inside the evacuation box and thermal properties were measured using the VGHP 

apparatus (mean temperature ≈ 24 ± 2°C). In the second case, the evacuated powder from the 

first case was taken out from the evacuation box and then put back (660 kg/m
3
) again inside the 

box for the repeat thermal measurement (mean temperature ≈ 24 ± 2°C). The results from these 

two measurements are shown in Figure 18. The initial and repeat thermal measurements are 

found to be different. These kinds of observations are not very unusual (Heinemann, 2005). 

Though the exact reason is difficult to pinpoint, however, in this case the difference in thermal 

measurement data could be because of the powder particle redistribution and reorientation of 

pore structures due to the change of pore pressure. Further investigation on this issue will be 

carried out with future experiments.  

 

New Composite Core Materials 

Two new alternative composite materials have been investigated in this study. These alternative 

composite core materials are made with fibrous and powder insulation materials. The first 

composite core material (340 kg/m
3
) has thin layers (≈ 3.5 mm each) of mineral oxide fiberboard 

and pumice powder sandwiched together as shown in Figure 19.  In the second composite (320 

kg/m
3
), the layers of mineral oxide fiberboard (MOF) are replaced with high-density glass 
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fiberboard (HDGF). These composite materials were placed inside the evacuation box (Figure 

16) and thermal properties were measured using the VGHP apparatus (mean temperature: MOF 

= 27°C; HDGF = 25°C). The relationship between the pore pressure and the thermal 

conductivity of these two newly introduced alternative core materials is shown in Figure 20. 

This figure also draws comparison between the thermal properties of traditionally expensive core 

materials (precipitated silica and nanogel) and the newly developed alternative core materials. 

Although at atmospheric pressure level (≈100,000 Pa) the thermal conductivity values of the 

composite core materials are much higher than the precipitated silica and nanogel, the thermal 

conductivity values from the very low (≈ 25 Pa) to 10,000 Pa pressure level are very much 

comparable with that of precipitated silica or nanogel. The density of these two composite core 

materials is much lower than the powder material alone (≈ 668 kg/m
3
) but it is higher than the 

fiberboards used in this study or most of the traditional insulating materials (maximum up to 110 

kg/m
3
). However, there remains further scope to reduce the density of the newly developed 

composite core materials.  In general, newly introduced composite core materials are potentially 

attractive materials for the development of alternative vacuum insulation panels. NRC-IRC 

researchers are working on these two new alternative core materials for further development and 

refinement and the detailed outcome will be published in due course.  

 

CONCLUDING REMARKS 

1. From theoretical and practical point of view and with the effective vacuum technology 

available at this moment vacuum insulation panels (VIPs) offer a great new opportunity for 

the global thermal insulation industry. 
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2. Use of VIPs in the building envelope industry can potentially cut down the operational 

energy consumption for the built environment and material use for the building envelope 

construction. 

3. Current research activities at the NRC-IRC are contributing positively towards the 

development of alternative core materials necessary to produce relatively cheaper vacuum 

insulation panels for the construction industry. 

4. Performance of vacuum insulation panels with the newly developed alternative core 

materials will be investigated at the NRC-IRC in coming days.   
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Table 1 – Thermal conductivity of blowing agents 

 

Blowing Agent 

Thermal Conductivity 

[kgas @ 25 (°C) mW/m.K] 

CFC-11 8.7 

HCFC-141b 9.7 

HCFC-142b 11.5 

HCFC-22 11.0 

Hydrocarbon c-C5 12.0 

Hydrocarbon n-C5 15 

HFC-134a 13.6 

HFC-245fa 12.2 

HFC-365mfc 10.6 

Air 26 
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Figure 1 -  Basic physics of heat transfer mechanisms 

Figure 2 -  R value of commonly used insulating materials 

Figure 3 - Heat transfer across air spaces – contribution by radiation, conduction and 

convection 

Figure 4 - Heat transfer mechanisms in conventional (fibres and foam) insulation 

Figure 5 – Thermal conductivity of air as a function of pore diameter 

Figure 6 – Global trend of energy consumption (Source: BP statistical review of world 

energy June 2006) 

Figure 7a – Vacuum insulation panel 

Figure 7b – Schematic construction of vacuum insulation panel 

Figure 8 - Thermal resistivity of VIP compared against several common insulating 

materials  

Figure 9a – Change of thermal conductivity of core material with the pore pressure 

(Source:  Heinemann et al. 1999) 

Figure 9b – Change of thermal conductivity of core material with the pore pressure 

(Source http://www.glacierbay.com/vacpanelinfo.asp) 

Figure 10 – Vacuum guarded hot plate (VGHP) apparatus 

Figure 11 – Schematics of the plate assembly in single- and double-sided heat flow 

mode 

Figure 12 – Thermal properties of fibrous insulating materials 

Figure 13 – Pore and fibre structure of mineral oxide fibre board 

Figure 14 – Pore and fibre structure of glass fibre insulation board 

Figure 15 – Particle size distribution (pumice powder) 
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Figure 16 – Evacuation box for the powder material 

Figure 17 – Inside of the evacuation box 

Figure 18 – Thermal properties of pumice powder 

Figure 19 – Composite fibre-powder insulation 

Figure 20 – Thermal properties of new core materials developed at NRC-IRC 
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(c) Radiation – Heat Transfer 
Due to Emission of 
Electromagnetic Waves. 

 

 

(b) Convection – Heat
Transfer in a Flowing
Medium. 

(a) Conduction – Heat
Transfer Through Particle
Contact. 

Figure 1 -  Basic physics of heat transfer mechanisms 
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Figure 2 -  R value of commonly used insulating materials 
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Figure 3 - Heat transfer across air spaces – contribution by radiation, conduction and 

convection 
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Figure 4 - Heat transfer mechanisms in conventional (fibres and foam) insulation 
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Figure 5 – Thermal conductivity of air as a function of pore diameter 
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Figure 7b – Schematic construction of vacuum insulation panel 
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Figure 8 - Thermal resistivity of VIP compared against several common insulating 

materials  
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Figure 9a – Change of thermal conductivity of core material with the pore pressure 

(Source:  Heinemann et al. 1999) 
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Figure 9b – Change of thermal conductivity of core material with the pore pressure 

(Source http://www.glacierbay.com/vacpanelinfo.asp) 
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Figure 10 – Vacuum guarded hot plate (VGHP) apparatus 
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(b) Schematic of the plate assembly in double-sided mode 

               (a) Schematic of the plate assembly in single-sided mode 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – Schematics of the plate assembly in single- and double-sided heat flow 

mode 
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Figure 12 – Thermal properties of fibrous insulating materials 
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Figure 13 – Pore and fibre structure of mineral oxide fibre board 
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Figure 14 – Pore and fibre structure of glass fibre insulation board 
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Figure 15 – Particle size distribution (pumice powder) 
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Figure 16 – Evacuation box for the powder material 
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Figure 17 – Inside of the evacuation box  
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Figure 18 – Thermal properties of pumice powder 
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Figure 19 – Composite fibre-powder insulation 
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