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ABSTRACT 
 

In todays society there is an increased focus on various energy aspects. Buildings 
constitute a large part of the total energy consumption in the world. In this respect it is 
important to have the optimum heat balance in buildings. That is, in a cold climate one 
wants to have as well thermally insulated building envelopes as possible. However, 
even in cold climates there might often be relatively long periods with overheating in 
the buildings, e.g. due to solar heat gains and excessive heat loads from miscellaneous 
indoor activities. In warm climates overheating is most often the case, e.g. in office 
work spaces with large window glass facades and extensive use of electrical 
equipment. Insulation retrofit is among the most cost-effective measures, even more 
cost-effective than e.g. solar photovoltaics. The traditional thermal insulation materials 
of today have typically thermal conductivities between 33 and 40 mW/(mK). 
State-of-the-art thermal insulation includes vacuum insulation panels (VIPs) with 
conductivities from between 3 to 4 mW/(mK) in fresh condition to typically 8 mW/(mK) 
after 25 years ageing due to water vapour and air diffusion into the VIP core material 
which has an open pore structure. Puncturing the VIP envelope causes an increase in 
the thermal conductivity to about 20 mW/(mK). 
 

The main emphasis of this work centers around the possibilities of inventing and 
developing innovative and robust highly thermal insulating materials. That is, within this 
work the objective is to go beyond VIPs and other current state-of-the-art technologies. 
New concepts are introduced, i.e. advanced insulation materials (AIMs) as vacuum 
insulation materials (VIMs), gas insulation materials (GIMs), nano insulation materials 
(NIMs) and dynamic insulation materials (DIMs). These materials may have closed 
pore structures (VIMs and GIMs) or either open or closed pore structures (NIMs). The 
DIMs aim at controlling the material insulation properties, e.g. solid state thermal 
conductivity, emissivity and pore gas content. Fundamental theoretical studies aimed at 
developing an understanding of the basics of thermal conductance in solid state matter 
at an elementary and atomic level have been addressed. The ultimate goal of these 
studies is to develop tailor-made novel high performance thermal insulation materials 
and dynamic insulation materials, the latter one enabling to control and regulate the 
thermal conductivity in the materials themselves, i.e. from highly insulating to highly 
conducting. Furthermore, requirements of the future high performance thermal 
insulation materials and solutions have been proposed. At the moment, the NIM 
solution seems to represent the best high performance low conductivity thermal 
solution for the foreseeable future. If robust and practical DIMs can be manufactured, 
they have great potential due to their thermal insulation regulating abilities. 
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1. INTRODUCTION 
 
1.1. The Energy Savings Demand of the World 
 
The world will experience an ever increasing demand for energy savings in various 
areas. As buildings constitute a substantial part of the total energy consumption, 
savings within the building sector will be important, both for existing and new buildings. 
One of the key fields will be the thermal building insulation materials and solutions. 
Recent studies (McKinsey 2009) show that energy efficiency measures are the most 
cost-effective ones. Measures like e.g. solar photovoltaics and wind energy are far less 
cost-effective than insulation retrofit for buildings. 
 
Essentially, the focus has been and still will be to achieve the highest possible thermal 
insulation values, i.e. the lowest thermal conductivity for the materials and the lowest 
thermal transmittance, U-value, for the structures and buildings. This usually works well 
for cold climates, where the building envelopes should have as low U-value as 
possible. However, even cold climates may experience longer periods with overheating 
due to solar heat gains and excessive heat loads from miscellaneous indoor equipment 
and activities. Traditionally, the solution has also been to thermally insulate the building 
envelopes sufficiently well enough in warm climates due to seasonal variations and 
periods during the year with a heating demand. Office work spaces with extensive use 
of electrical equipment and large solar energy gains through large window glass 
facades are likely to experience overheating. 
 
Today’s traditonal thermal insulation materials like mineral wool, expanded polystyrene 
(EPS) and extruded polystyrene (XPS) have thermal conductivities typically between 
33 mW/(mK) to 40 mW/(mK). Polyurethane (PUR) with conductivities typically ranging 
from 20 mW/(mK) to 30 mW/(mK) is also used as a thermal insulation material, but 
even if PUR is safe in its intended use it rises serious health concerns and hazards in 
case of a fire. During a fire PUR will when burning release hydrogen cyanide (HCN) 
and isocyanates, which is very poisonous. The HCN toxicity stems from the cyanide 
anion (CN-) which prevents cellular respiration. Generally, hydrogen cyanide may be 
found in the smoke from nitrogen (N) containing plastics. 
 

 
1.2. The Vacuum Insulation Panel (VIP) Solution 
 
Vacuum insulation panels (VIPs) represent state-of-the-art thermal insulation with 
thermal conductivities ranging from between 3 to 4 mW/(mK) in fresh condition to 
typically 8 mW/(mK) after 25 years ageing due to water vapour and air diffusion 
through the VIP envelope and into the VIP core material which has an open pore 
structure. Depending on the type of VIP envelope, the aged thermal conductivity after 
50 and 100 years will be somewhat or substantially higher than this value. This 
inevitable increase of thermal conductivity represents a major drawback of all VIPs. 
Puncturing the VIP envelope, which might be caused by nails and similar, causes an 
increase in the thermal conductivity to about 20 mW/(mK). As a result, VIPs can not be 
cut for adjustment at the building site or perforated without loosing a large part of their 
thermal insulation performance. This represents another major disadvantage of VIPs. 
Several authors have been studying various aspects of VIPs, ranging from analytical 
models, thermal bridges and conductivity, air and moisture penetration, ageing and 
service life, quality control and integration of VIPs in building construction, e.g. Beck et 
al. (2007), Brunner and Simmler (2007, 2008), Caps and Fricke (2000), Caps (2005), 
Caps et al. (2008), Feinerman et al. (2007), Fricke (2005), Fricke et al. (2006), Schwab 
et al. (2005abcde), Simmler and Brunner (2005ab), Simmler et al. (2005c), Tenpierik 
and Cauberg (2007a), Tenpierik et al. (2007bc, 2008) and Zwerger and Klein (2005), 
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where a comprehensive review on VIPs for building applications has been made 
recently by Baetens et al. (2010a). 
 
Nevertheless, despite the large disadvantages of VIPs, including their relatively high 
costs, they do represent a large leap forward in thermal insulation for building 
applications. Thermal conductivities between 5 to 10 times, depending on ageing time, 
lower than traditional thermal insulation materials like mineral wool and polystyrene 
products will especially be important when trying to achieve the standard and 
requirements of passive houses and zero energy or zero emission buildings. Thermal 
insulation thicknesses up to 50 cm or more in walls and roofs are not desired. Such 
thick building envelopes might require new construction techniques and skills. In 
addition, transport of thick building elements leads to increased costs. As an example, 
height restrictions may apply for passing under bridges and through tunnels, i.e. thinner 
elements will bring about a more efficient transport to a reduced cost. Building 
restrictions during retrofitting of existing buildings, e.g. by the lawful authorities or 
practical restrictions concerning windows and other building parts, may also require 
thinner high performance thermal insulation thicknesses than traditional insulation 
would be able to solve. Furthermore, in areas with a high living area market value per 
square meter, a reduced wall thickness may involve large area savings and thus a 
higher value of the real estate. Simple calculations show that for such areas the 
application of VIPs may actually result in an economic profit (Grynning et al. 2009). 
 
Therefore, even if the VIPs are not the ultimate solution for the future, they may be the 
best solution for many thermal building envelopes today and in the near future, both 
from a thermal energy savings and an economical point of view. VIP research and 
advances should be concentrated towards developing VIP envelopes far better capable 
of preventing air and water vapour from entering into the VIP core, and thus being able 
to maintain a very low thermal conductivity for longer time periods up to at least 50 to 
100 years. Besides, the research on and application of VIPs contribute to increased 
knowledge and idea generation about the thermal insulation solutions of tomorrow. 
 

 
1.3. Gas-Filled Panels (GFP) 
 
Other state-of-the-art thermal insulation solutions do exist. In principle, close to VIPs, is 
the technology of gas-filled panels (GFPs), studied by Griffith and Arasteh (1992), 
Griffith et al. (1993, 1995), Mills and Zeller (2008) and Yarbrough et al. (2007) among 
others. The GFPs apply a gas less thermal conductive than air, e.g. argon (Ar), krypton 
(Kr) and xenon (Xe), instead of vacuum as in the VIPs. To maintain the low-conductive 
gas concentration inside the GFPs and avoid air and moisture penetration into the 
GFPs are crucial to these panel’s thermal performance. Naturally, vacuum is a better 
thermal insulator than the various gases employed in the GFPs. On the other hand, the 
GFP grid structure does not have to withstand an inner vacuum as the VIPs. Low 
emissivity surfaces inside the GFPs decreases the radiative heat transfer. Thermal 
conductivities for prototype GFPs are quite high, e.g. 40 mW/(mK), although much 
lower theoretical values have been calculated. Hence, the GFPs hold many of the VIPs 
advantages and disadvantages. Nevertheless, the future of GFPs may be questioned, 
as compared to them the VIPs seem to be a better choice both for today and tomorrow. 
 

 
1.4. Aerogels 
 
Aerogels represent another state-of-the-art thermal insulation solution, and maybe the 
most promising with the highest potential of them all at the moment, studied by Gould 
et al. (2007), Hostler et al. (2008), Schultz et al. (2005) and Schultz and Jensen (2008) 
among several others. Using carbon black to suppress the radiative transfer, thermal 
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conductivities as low as 4 mW/(mK) may be reached at lower pressures (Smith et al. 
1998, Ramakrishnan et al. 2008). However, commercially available state-of-the-art 
aerogels have been reported to have thermal conductivities down to 13 mW/(mK) at 
ambient pressure (Aspen Aerogels 2008ab). The production costs of aerogels are still 
high. Aerogels have a relatively high compression strength, but is very fragile due to its 
very low tensile strength. The tensile strength may be increased by incorporation of a 
carbon fibre matrix. A very interesting aspect with aerogels is that they can be 
produced as either opaque, translucent or transparent materials, thus enabling a wide 
range of possible building applications. Only the future will show how far and extensive 
the aerogels will be applied in buildings. 
 

 
1.5. Phase Change Materials (PCM) 
 
Phase change materials (PCMs) are not really thermal insulation materials, but since 
they are interesting for thermal building applications, they are mentioned within this 
context. PCMs change phase from solid state to liquid when heated, thus absorbing 
energy in the endothermic process. When the ambient temperature drops again, the 
liquid PCMs will turn into solid state materials again while giving off the earlier 
absorbed heat in the exothermic process. Such a phase change cycle stabilizes the 
indoor building temperature and decreases the heating and cooling loads. Various 
paraffins are examples of PCMs, but a low thermal conductivity (Farid et al. 2004) and 
a large volume change during phase transition (Hasnain 1998) limit their building 
application. An overview of the main PCMs has been given by Demirbas (2006), 
whereas other reviews on PCMs may be found in works by Farid et al. (2004), Hasnain 
(1998) and Khudhair and Farid (2004). Further studies on PCMs may be found in the 
works carried out by Alderman and Yarbrough (2007) and Kosny et al. (2007). A 
suitable phase change temperature range, depending on climatic conditions and 
desired comfort temperatures, as well as an ability to absorb and release large 
amounts of heat, are important properties for the selection of a specific PCM for 
building applications. 
 

 
1.6. Other Materials and Solutions ? 
 
Despite its several disadvantages, the vacuum insulation panel solution seems at the 
moment to be the most competitive solution and the one most likely to hit the market 
first. Though, the aerogels in various forms, without some of the disadvantages of the 
VIPs, might in the long run change this picture. But might there exist some other 
materials and solutions which could exhibit as low thermal conductivity as the VIPs in 
their non-aged pristine condition, and without the several drawbacks of the VIPs? And 
if not, could they with some effort be envisioned, invented and finally manufactured? 
And what would be the requirements of these materials and solutions? 
 

 
2. REQUIREMENTS OF THE THERMAL INSULATION OF TOMORROW 
 
The future thermal insulation materials and solutions need to have as low thermal 
conductivity as possible. In addition, the thermal conductivity should not increase too 
much over a 100 year or more lifetime span. Furthermore, these materials and 
solutions should also be able to maintain their low thermal conductivity even if they are 
perforated by external objects (e.g. nails), except the increase due to the local heat 
bridges. Technologies based on vacuum may have problems with maintaining a low 
thermal conductivity over a long time span stretching over several decades, due to loss 
of vacuum with air and moisture uptake during the years. 
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A major requirement for the future thermal insulation materials is that they can be cut 
for adaption at the building site without losing any of their thermal insulation 
performance. The VIP solution with an envelope barrier around an open pore structure 
supposed to maintain a vacuum does not satisfy this specific requirement, as cutting a 
VIP will result in a total loss of vacuum and an increase of thermal conductivity up to 
typically 20 mW/(mK). 
 
Several other properties also have to be addressed. These include mechanical 
strength (e.g. compression and tensile strength), fire protection issues either by the 
thermal insulation material itself or other protection means, fume emissions during fire 
where preferably no toxic gases should be released, climate ageing durability with 
various climate exposures, resistance towards freezing/thawing cycles and water in 
general, dynamic properties (i.e. the ability to regulate the thermal insulation level) and 
costs which should be competitive versus other thermal insulation materials. 
 
That is, the thermal insulation materials and solutions of tomorrow have to satisfy 
several crucial requirements. Table 1 summarizes the various properties with their 
proposed requirements. As it can be seen, the proposed thermal conductivity 
requirement in the pristine condition is a conductivity less than 4 mW/(mK), which is the 
typical value for non-aged VIPs. Naturally, the thermal conductivity after a certain 
period of time or service life, is of vital importance. A conductivity less than 5 mW/(mK) 
after 100 years is proposed for the future thermal insulation materials and solutions to 
be developed. Table 1 represents an initial attempt to address the crucial properties 
and requirements of the future high performance thermal insulation materials and 
solutions, and will naturally be subject to change in the years to come. 
 
Table 1. Proposed requirements of the future high performance thermal insulation materials and 

solutions. 
 

Property Requirements 
Thermal conductivity – pristine < 4 mW/(mK) 
Thermal conductivity – after 100 years < 5 mW/(mK) 
Thermal conductivity – after modest perforation < 4 mW/(mK) 
Perforation vulnerability not to be influenced significantly 
Possible to cut for adaption at building site yes 
Mechanical strength (e.g. compression and tensile) may vary 
Fire protection may vary, depends on other protection 
Fume emission during fire any toxic gases to be identified 
Climate ageing durability resistant 
Freezing/thawing cycles resistant 
Water resistant 
Dynamic thermal insulation desirable as an ultimate goal 
Costs vs. other thermal insulation materials competitive 
Environmental impact (including energy and material use in 
production, emission of polluting agents and recycling issues) low negative impact 

 

 
3. THERMAL INSULATION MATERIALS AND SOLUTIONS OF TOMORROW 
 
The following subchapters will introduce and define the principles behind what could 
become the future high performance thermal insulation materials and solutions. An 
initial presentation of these materials and solutions may be found in Baetens (2009), 
Jelle et al. (2009) and Baetens et al. (2010a). In short, the aim is to investigate the 
properties, requirements and possibilites of advanced insulation materials (AIMs). 
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3.1. Vacuum Insulation Materials (VIM) 
 
A vacuum insulation panel (VIP) consists of an open pore core material with vacuum 
enveloped by an airtight and water vapour tight foil. If the enveloping foil had been 
completely air and moisture impermeable for a sufficient long period of time (which is 
not the case), the VIP thermal insulation technology would have been far better than 
the current technology. However, even if you could somehow make the VIPs 
reasonable invulnerable towards any perforations during the building period and the 
service life, the VIPs still lack one very important property of flexibility. That is, the VIPs 
can not be cut and adapted at the building site without loosing their vacuum, the very 
reason for their low thermal conductivity. 
 
Therefore, one might ask – Even if we in the future could manufacture VIPs with no 
degradation over time, could we make a thermal insulation material or solution just as 
good as the VIPs, but without their disadvantages? One could then ask – Is it possible 
to make a thermal insulation material with a thermal conductivity as low as for VIPs in 
the pristine condition, but with no application of an enveloping foil? 
 
That is, a basically homogeneous material with a closed small pore structure filled with 
vacuum with an overall thermal conductivity of less than 4 mW/(mK) in the pristine 
condition could be envisioned. Such a high performance thermal insulation material we 
define as a vacuum insulation material (VIM). This material could be cut and adapted at 
the building site with no loss of low thermal conductivity. In addition, perforating the 
VIM with a nail or similar would only result in a local heat bridge, i.e. no loss of low 
thermal conductivity. Figure 1 depicts the distinguished features between VIPs and the 
desired development of VIMs. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The development from vacuum insulation panels (VIPs) to vacuum insulation materials (VIMs). 
 
In order to be able to manufacture a VIM a low thermal conductivity of the solid state 
grid structure has to be made. Furthermore, a closed small pore structure filled with 
vacuum has to be accomplished. That is, as the pore structure is closed, the vacuum 
pore structure must be created during the production process of the VIM. One way to 
accomplish this is to envision a solid state material blowing itself up from within during 
the formation and subsequent expansion of an inner pore structure, which is illustrated 
in Fig.2. Another way, although totally different, might be to create a VIM grid structure 
or inner pore surfaces which will efficiently and completely absorb the pore gas 
molecules, e.g. by a chemical reaction process. 
 

VIP

Moisture
Air Moisture

Air
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Figure 2. An envisioned creation of vacuum insulation materials (VIMs); a solid state material blowing 

itself up from within during the formation and subsequent expansion of an inner pore structure. 
 
The inner surface of the pores, could have as low emissivity as possible in order to 
decrease the thermal radiation transport. However, this might be in direct contradiction 
to attaining as low solid state thermal conductivity as possible. The VIM grid structure 
has to be strong enough to withstand the vacuum inside its pores. Finally, the air and 
water vapour diffusion or transport through the grid structure and into the vacuum 
pores have to be sufficient small enough so that the VIMs will maintain their low 
thermal conductivity below a certain value (e.g. 5 mW/(mK)) for at least 100 years. 
 
Maintaining the vacuum inside the pores during a long service life may be the most 
difficult or challenging task for the VIMs. That is, the most challenging task after the 
VIMs have been manufactured, as to make VIMs is a highly challenging task in itself. 
Nevertheless, when an appropriate VIM production process has been established, 
such a production might hopefully be found to be both efficient and competitive.  
 

 
3.2. Gas Insulation Materials (GIM) 
 
A gas insulation material (GIM) is basically the same as a VIM, except that the vacuum 
inside the closed pore structure is substituted with a low-conductance gas. That is, a 
GIM is basically a homogeneous material with a closed small pore structure filled with a 
low-conductance gas with an overall thermal conductivity of less than 4 mW/(mK) in the 
pristine condition. As for the VIMs, the GIMs may also be cut and adapted at the 
building site with no loss of low thermal conductivity. Likewise, perforating the GIM with 
a nail or similar would only result in a local heat bridge, i.e. no loss of low thermal 
conductivity. Figure 3 depicts the distinguished features between VIPs and the desired 
development of GIMs. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The development from vacuum insulation panels (VIPs) to gas insulation materials (GIMs). 
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It might be easier to create a closed pore structure filled with a low-conductance gas 
than vacuum. Furthermore, the GIM grid structure does not have to be as strong as the 
VIM grid structure, as a vacuum pore structure will be prone to collapse before a 
gas-filled pore structure. In addition, it may be easier to maintain the original low 
thermal conductivity within a gas-filled pore structure than in a vacuum pore structure. 
 
However, comparing the VIMs and GIMs, the VIMs ultimately have the largest potential 
of these two as the lowest thermal conductivity is achieved in a vacuum compared to a 
gas-filled pore structure. 
 
3.3. Nano Insulation Materials (NIM) 
 
Both the vacuum insulation material (VIM) and gas insulation material (GIM) solution 
share two of the same disadvantages. That is, firstly, the VIM and GIM grid structure 
need to prevent air and moisture penetration into their pore structure during their 
service life for at least 100 years. Secondly, perforating VIMs and GIMs with nails and 
alike causes local thermal bridges. Nail penetration and similar is considered to be of 
less importance for VIMs and GIMs, as this will normally only be minor local heat 
bridges. Ideally, if a 100 % airtight and water vapour tight VIM or GIM structure could 
be made, the former disadvantage would not represent any problem. However, we 
don’t live in an ideal world, so some air and water diffusion into the VIM and GIM pore 
structure are probably bound to occur with time. The question then remains if the VIMs 
and GIMs are able to maintain their low thermal conductivity below a certain value (e.g. 
5 mW/(mK)) for at least 100 years. Next, one may then ask if it is possible to envision 
and manufacture a high performance thermal insulation material or solution like the 
VIMs and GIMs, but without their disadvantages? 
 
An answer to that question is the nano insulation material (NIM), where the pore size 
within the material is decreased below a certain level (i.e. 40 nm or below for air), in 
order to achieve an overall thermal conductivity of less than 4 mW/(mK) in the pristine 
condition. Figure 4 depicts the distinguished features between VIPs and the desired 
development of NIMs. Note that in principle, aerogels could be made so they could be 
considered as NIMs. Naturally, NIMs with an open pore structure will be containing air, 
where such a structure has to be resistant towards miscellaneous ageing degradation 
mechanisms as air gases including various pollutions will freely be admitted into the 
pores of the NIMs. Water condensation in such tiny nano pores has to be prevented, or 
else the thermal conductivity will increase substantially. The NIM closed pore structure 
may be containing any gases, e.g. air, Ar, Kr and Xe. A true NIM will still maintain a 
total and local thermal conductivity below 4 mW/(mK) when perforated, including the 
gas thermal conductivity in a single pore which has been perforated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The development from vacuum insulation panels (VIPs) to nano insulation materials (NIMs). 
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But how do the NIMs achieve their low thermal conductivity without applying a vacuum 
in the pores? If we still envision a VIM where we decrease the pore size within the 
material below a certain level, i.e. a pore diameter of the order of 40 nm or below for 
air, the gas thermal conductivity, and thereby also the overall thermal conductivity, 
becomes very low (< 4 mW/(mK) with an adequate low-conductivity grid structure) even 
with air-filled pores. This is due to the so-called Knudsen effect where the mean free 
path of the gas molecules is larger than the pore diameter. That is, a gas molecule 
located inside a pore will ballistically hit the pore wall and not another gas molecule. 
The gas thermal conductivity λgas taking into account the Knudsen effect may be written 
in a simplified way as (Handbook of Chemistry and Physics 2003-2004, Simmler et al. 
2005c, Schwab et al. 2005b, Raed and Gross 2007, Baetens 2009, Baetens et al. 
2010a): 
 

 

δπ
β

+

λ
=

β+

λ
=λ

pd
Tk21

Kn21
2

B

0,gas0,gas
gas  (1) 

where 

 
δπ

=
δ

σ
=

pd2
Tk

Kn
2

Bmean  (2) 

where 
 λgas = gas thermal conductivity in the pores (W/(mK)) 
 λgas,0 = gas thermal conductivity in the pores at STP 
     (standard temperature and pressure) (W/(mK)) 
 β = coefficient characterizing the molecule - wall collision 
  energy transfer efficiency (between 1.5 – 2.0) 
 kB = Boltzmann’s constant ≈ 1.38·10-23 J/K 
 T = temperature (K) 
 d = gas molecule collision diameter (m) 
 p = gas pressure in pores (Pa) 
 δ = characteristic pore diameter (m) 
 σmean = mean free path of gas molecules (m) 
 
The Knudsen effect, i.e. the correlation between the gas thermal conductivity and the 
effect of the characteristic pore diameter and the gas pressure in the pores, is 
visualized in two-dimensional and three-dimensional graphical plots for for air, argon 
(Ar), krypton (Kr) and xenon (Xe) in Figs.5-6. In addition, the low thermal conductivity 
value of 4 mW/(mK) has been depicted in the plots in Figs.5-6. Note that these plots 
are logarithmic with respect to the pore diameter and the pore pressure. 
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Figure 5. The effect of pore diameter (left) and gas pressure in pores (right) on the gas thermal 

conductivity for air, argon, krypton and xenon. From Eq.1 and 2. 
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The hard sphere collision diameters have been applied for d in the calculations, i.e. 
3.66, 3.58, 4.08 and 4.78 Å for air, Ar, Kr and Xe, respectively (given at 298.15 K, 
Handbook of Chemistry and Physics 2003-2004). That is, the covalent diameters of the 
gas molecules have not been employed in these calculations. Furthermore, β = 1.75 
and T = 300 K have been chosen in the calculations. In addition, λgas,0 values of 26.2, 
17.9, 9.5 and 5.5 mW/(mK) have been applied for air, Ar, Kr and Xe (at 300 K), 
respectively. In the left plot in Fig.5 a pore gas pressure of 100 000 Pa 
(≈ 1 atm = 101 325 Pa) has been chosen, whereas in the right plot in Fig.5 a rather 
large pore diameter of 10 mm has been selected. Note the symmetry these selected 
values yield in both the two-dimensional (Fig.5) and the three-dimensional (Fig.6) plots 
versus both pore diameter and pore pressure. Furthermore, for these chosen values in 
Fig.5, a rapid decrease between 1 µm - 10 nm and 10 Pa - 0.1 Pa is demonstrated in 
the gas thermal conductivities for all the four gases. This rapid decrease is also 
observed in the three-dimensional plots in Fig.6. Note that the gas thermal conductivity 
with pores filled with xenon is very low (about 5.5 mW/(mK)), even with large 
macroscopic pores at 1 atm pressure. 
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Figure 6. The effect of pore diameter and gas pressure in pores on the gas thermal conductivity 

visualized in three-dimensional plots for each of the gases air, argon, krypton and xenon. From 
Eq.1 and 2. 

 
The solid state lattice conductivity in the NIMs is also of great importance, and has to 
be kept as low as possible in order to obtain the lowest possible overall thermal 
conductivity. In addition to heat flows governed by the gas thermal conductivity in the 
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material pores and the solid state lattice conductivity, heat may also be transported by 
thermal radiation and thermal convection. The convection part, i.e. the gas (e.g. air) 
flow inside the pores (convection often driven by temperature differences), is assumed 
to be small compared to the gas conduction and radiation parts, and is hence not 
considered further in this context. 
 
The effect of the radiation transfer inside the pores may be calculated approximately by 
applying the Stefan-Boltzmann equation to find the total radiation heat flux Jrad,tot 
(W/m2) through a material with n air gaps in series with infinite parallel surfaces of 
equal emissivity, which may be approximated as n pores along a given horizontal line 
in the material: 
 

 )TT(
12n

J 4
e

4
itot,rad −

⎥⎦
⎤

⎢⎣
⎡ −
ε

σ
=  (3) 

 
in order to find the radiation thermal conductivity λrad: 
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 (5) 

where 
 λrad = radiation thermal conductivity in the pores (W/(mK)) 
 σ = π2kB

4/(60ħ3c2) = Stefan-Boltzmann’s constant ≈ 5.67·10-8 W/(m2K4) 
 kB = Boltzmann’s constant ≈ 1.38·10-23 J/K 
 ħ = h/(2π) ≈ 1.05·10-34 Js = reduced Planck’s constant (h = Planck’s constant) 
 c = velocity of light ≈ 3.00·108 m/s 
 δ = pore diameter (m) 
 ε = emissivity of inner pore walls (assumed all identical) 
 Ti = interior (indoor) temperature (K) 
 Te = exterior (outdoor) temperature (K) 
 Jrad,tot = total radiation heat flux (W/m2) 
 n = number of pores along a given horizontal line in the material 
 
In the above calculations the radiation thermal conductivity given by the expression 
λrad = Jrad,totδ/(Tk-1 – Tk) is found by applying the approximation (Tk-1 – Tk) = (Ti – Te)/n, 
i.e. assuming a linear relationship between temperature versus distance (indoor to 
outdoor) in the thermal insulation material, where Tk-1 and Tk are the surface 
temperatures on two opposite inner pore walls within the same pore along the 
horizontal indoor to outdoor axis, respectively. This also implies that the whole 
temperature difference is assumed to be over all the pores and not over the thin solid 
state lattice walls connecting two neighbour pores. 
 
From Eq.4 and 5 it is seen that the radiation thermal conductivity λrad decreases linearly 
with decreasing pore diameter δ, i.e. the smaller the pores the lower the radiation 
thermal conductivity. The linear relationship between λrad and δ expressed by Eq.4 and 
5 is visualized as a linear (left) and a logarithmic (right) plot with respect to the pore 
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diameter δ in Fig.7 for various emissivities ε of the inner pore walls. Also note that the 
gas thermal conductivity λgas in Figs.5-6 is plotted logarithmically with respect to δ for 
the whole pore diameter 10 mm to 1 nm range, whereas the radiation thermal 
conductivity λrad logarithmic plot with respect to δ in Fig.7 only cover the pore diameter 
10 mm to 0.1 mm (100 µm) range. An indoor and an outdoor temperature of 20°C and 
0°C are applied in the grahical plots in Fig.7. 
 
The strong λrad dependence of both δ and ε is observed in Fig.7. It is also seen that for 
materials with a pore diameter δ < 1 mm and an emissivity ε < 0.8 the radiation thermal 
conductivity λrad drops below 4 mW/(mK), i.e. only a relatively high ε is required to 
achieve a low λrad when δ < 1 mm. Furthermore, it is observed that when δ = 1 mm the 
radiation thermal conductivity is still as low as about 4 mW/(mK) and 5 mW/(mK) when 
the emissivity is at its maximum of 0.9 and 1, respectively. However, as δ is increasing 
above 1 mm the radiation thermal conductivity is increasing rapidly (linearly with δ) and 
attains high values for high ε values. The λrad dependence of the indoor and the 
outdoor temperature is found to be rather small for normal temperature ranges, and is 
thus not plotted as graphs as the differences from the graphs in Fig.7 would only be 
marginal. 
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Figure 7. The radiation thermal conductivity versus pore diameter for various emissivities of the inner 

pore walls. Linear (left) and logarithmic (right) plot with respect to the pore diameter. From Eq.4 
and 5. 

 
However, various works (Ben-Abdallah et al. 2009ab, Boehm and Tien 1970, Cravalho 
et al. 1967, Fu and Zhang 2006, Hargreaves 1969, Joulain et al. 2005, Loomis and 
Maris 1994, Mulet et al. 2002, Pan et al. 2000, Rousseau et al. 2009, Volokitin and 
Persson 2001, Volokitin and Persson 2007, Zhang 2007) describe a large increase in 
the thermal radiation as the pore diameter decreases below the wavelength of the 
thermal (infrared) radiation (e.g. 10 µm), where tunneling of evanescent waves may 
play an important role. A pore diameter of 10 µm is several orders of magnitude larger 
than the small pore diameter (e.g. 40 nm for air-filled pores) required to obtain a very 
low gas thermal conductivity according to the Knudsen effect (without applying a 
vacuum) as seen from Figs.5-6. Note that in Fig.7 the radiation thermal conductivity is 
only plotted down to a pore diameter of 0.1 mm (100 µm), which is about 10 times 
larger than the mean infrared wavelength at room temperature (10 µm). Work by Mulet 
et al. (2002) and Joulain et al. (2005) indicate that the large thermal radiation is only 
centered around a specific wavelength (or a few). That is, this might suggest that the 
total thermal radiation integrated over all wavelengths is not that large. How much this 
actually contributes to the total (overall) thermal conductivity is not known by the 
authors at the moment, although we believe it is at least rather moderate. 
Nevertheless, these topics are currently being addressed in on-going research 
activities. 
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Nevertheless, if a low-conductivity solid state lattice (λlattice or λsolid-state) and a low gas 
thermal conductivity (λgas) are achieved, and which still dominate the heat transport, i.e. 
larger than the thermal radiation part (λrad), then NIMs may become the high 
performance thermal insulation material of tomorrow. It has to be emphasized that the 
red borderline or border grid of 4 mW/(mK) depicted in Figs.5-7 is the prevailing aim 
and upper limit for the total (overall) thermal conductivity of the future advanced 
insulation materials (e.g. Table 1), whereas Figs.5-7 depict solely the gas thermal 
conductivity λgas and the radiation thermal conductivity λrad in their respective figures. 
That is, if more than one transport mechanism dominate the heat flow through the 
specific NIM, the respective λgas and λrad values have to be chosen so far below 
4 mW/(mK) that the total thermal conductivity (λtot) is lower than the upper requirement 
limit of 4 mW/(mK) (Table 1). 
 
As seen above, the NIMs may obtain a very low thermal conductivity with either an 
open or a closed pore structure. That is, firstly, the NIM grid structure does not need to 
prevent air and water vapour to diffuse into the pores. Secondly, perforating the NIMs 
do not create any local thermal bridges induced by air and water vapour leakage into 
the pore structure locally around the intrusion, except the thermal bridges caused by 
the perforating agents (e.g. nails) themselves. Naturally, a nail or similar through the 
whole NIM might lead to air leakages through the NIM and thereby increased heat loss 
from a building, as with all other thermal insulation materials, both traditional ones and 
new high performance materials. 
 
Hence, as a conclusion, the NIMs obviously represent what could become the high 
performance thermal insulation materials for the future. 
 

 
3.4. Dynamic Insulation Materials (DIM) 
 
Usually we think about thermal insulation materials as something static, i.e. the 
insulation materials have a constant value which does not change. The normal choice 
is then to choose as low thermal conductivity as physically possible and within 
prevailing economical and building (e.g. area and height) restrictions. However, one 
might envision a building envelope which can change its thermal properties according 
to energy and user comfort demands. This might be solved by a dynamic insulation 
material (DIM) where the thermal conductivity can be controlled within a desirable 
range. Another name might have been controllable insulation material (CIM). 
 
DIMs may constitute a part of an intelligent building envelope which includes the 
emerging solutions phase change materials (PCMs) and electrochromic materials 
(ECMs), i.e. for day/night storage/release of accumulated solar energy and dynamic 
control of solar energy through glazing systems, respectively. PCMs as described 
briefly in the above are basically adaptive materials, whereas ECMs as used in 
electrochromic windows (ECWs) are materials which can be controlled by applying an 
external electrical voltage, aiming at regulating as much of the solar radiation 
throughput in windows as possible (Baetens et al. 2010b, Granqvist 2005, Granqvist et 
al. 2010, Jelle 1993c, Jelle and Hagen 1999, Lampert 1998, Lampert 2004). Extensive 
investigations and research have already been carried out on smart windows, e.g. 
ECWs, where the first products are commercially available (Baetens et al. 2010b). 
 
Among the ECMs there is also a group of materials called (electrical) conducting 
polymers, which in addition to their ability to dynamically change the solar radiation 
transmittance, e.g. their absorptive and reflective properties, are also able to change 
their electrical conductivity by several decades from electrical insulating materials till 
materials which are often denoted as synthetic metals. One of these ECMs and 
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conducting polymers is polyaniline (Chiang and MacDiarmid 1986, Jelle et al. 1993a, 
Jelle and Hagen 1993b, Jelle 1993c, Jelle et al. 1998, Jelle and Hagen 1999, Jelle et 
al. 2007), which by application of an external voltage may undergo colour changes 
from a clear, transparent state to a violet colour, with yellow, green and blue as 
intermediate colours, the unique doping mechanisms including both redox processes 
and proton doping. The electrical conductivity of polyaniline may be increased with a 
factor of ~ 1010 by decreasing the pH from ~ 4 to ~ 0, reaching a maximum electrical 
conductivity of ~ 500 Ω-1m-1 (Chiang and MacDiarmid 1986). Could these materials with 
such dynamic properties give us ideas as how to create dynamic thermal insulation 
materials? 
 
How may DIMs achieve their thermal conductivity regulating abilities? In fact, this might 
be accomplished in several ways, i.e. by controlling the (a) inner pore gas content or 
concentration including the mean free path of the gas molecules and the gas-surface 
interaction, (b) the emissivity of the inner surfaces of the pores, and finally (c) the solid 
state thermal conductivity of the lattice. 
 
Dynamically changing the inner pore gas content or concentration might be envisioned 
in several ways, e.g. by chemical reactions or inner pore surface adsorption processes, 
e.g. controlled by an applied electrical field. The emissivity of the inner surfaces of the 
pores might be controlled by changing the plasma wavelength λp and thus the free 
electron density. The plasma wavelength may be defined as (Goldner et al. 1985, Jelle 
1993c): 
 

 λp = (2πc/qe)(meε0/ne)1/2 (6) 
 

where c, qe, me, ne and ε0 denote the velocity of light, the electron charge, the free 
electron effective mass, the free electron density and the dielectric coefficient of 
vacuum, respectively. Materials with a high free electron density (short λp) will be highly 
reflecting materials with a low emissivity, whereas a low free electron density (long λp) 
corresponds to a low reflectivity and thus a high emissivity. The solid state thermal 
conductivity may be changed by dynamically controlling the phonon thermal 
conductivity or the free electron thermal conductivity, see further details in the following 
chapter concerning the thermal conductivity. 
 
The process of changing the thermal conductivity back and forth within a desirable 
range may require a certain amount of energy. Naturally, this energy consumption 
should be kept as low as possible in DIMs. 
 
The thermal insulation regulating abilities of DIMs give these materials a great 
potential. However, first it has to be demonstrated that such robust and practical DIMs 
can be manufactured. 
 

 
3.5. What Is Really Thermal Conductance ? 
 
In order to be able to invent and design the thermal insulation materials and solutions 
of tomorrow, one should initiate fundamental theoretical studies aimed at developing an 
understanding of the basics of thermal conductance in solid state matter at an 
elementary and atomic level. The ultimate goal of these studies will be to develop 
tailor-made novel high performance thermal insulation materials and dynamic insulation 
materials, the latter one enabling to control and regulate the thermal conductivity in the 
materials themselves, i.e. from highly insulating to highly conducting. 
 
As a first thought, one might think that everything is well understood about thermal 
conductivity with a sound underlying theory. Restricting ourselves to solid state thermal 
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conductivity, the heat flow process seems to be rather straightforward. That is, one 
atom bouncing into the next one and so on in a solid state lattice structure, thus 
transferring heat from atom to atom. The term bouncing might be more appropriate 
concerning heat conduction in gases than solid state matter though, as the thermal 
energy is transferred through the chemical bonds in the solid state structure. 
 
Then we might ask ourselves, could we change these chemical bonds between the 
various atoms and thereby change the thermal conductivity? What kind of materials 
could be appropriate? What is characterizing a thermally highly conducting versus a 
highly insulating material? Could we utilize this information to tailor-make materials with 
the desired low thermal conductivity? What kind of physical model could describe and 
explain thermal conductivity? Investigating these fields closely, could it be possible to 
dynamically change the thermal conductivity from very low to very high, i.e. making a 
dynamic insulation material (DIM)? 
 
There exist two models for describing solid state thermal conductivity, i.e. the phonon 
model (atom lattice vibrations) and the free electron model. The origin of both these 
models might be seen as an analogue to the thermal conduction of molecules in gases 
with mean free path calculations, i.e. a gas of phonons and a gas of free electrons. It 
has to be emphasized that these thermal conduction models are just that, i.e. models. 
Be reminded that the atom model is also just that, i.e. a model. 
 
Analytical expressions for the thermal conductivity are derived from both the phonon 
model and the free electron model. However, the utilization of these models on real 
materials for quantitative practical applications might be considered as rather limited. 
For example, the free electron thermal conduction model applies strictly to metals, not 
other materials, and is further complicated by the electron distribution being dependent 
on both the thermal gradient and the electrical field. Just the fact that there exists two 
models explaining only parts of the observed thermal conductance properties, tells us 
that thermal conductivity is not really understood on an atomistic level for solid state 
matter. A single model explaining all observed properties will always be the ultimate 
goal. 
 
To what extent quantum mechanics, which is also merely a model, might be applied 
into the field of thermodynamics remains to be seen. One might also bear in mind the 
sudden and unexpected experimental discoveries and breakthroughs within the field of 
electrical superconductivity, where several models and theories have been proposed 
without being able to fully explain the observed phenomenon. The field of electrical 
superconductivity includes the early work by London (London and London 1935, 
London 1948), investigations throughout the 1950s including the original BCS theory by 
Bardeen, Cooper and Schrieffer from 1957 (Bardeen et al. 1957ab) and the urgent 
need for new explanations and theories when high-temperature electrical 
superconductivity suddenly was discovered by Bednorz and Müller in 1986 (Bednorz 
and Müller 1986) with subsequent rapid experimental discoveries the next few following 
years, e.g. Wu et al. (1987), Sheng and Hermann (1988) and Dai et al. (1995). 
Analogously and ultimately, one might also envision the whole span from thermal 
insulator to thermal supraconductor. We may for now end this section with the following 
words of wisdom: The more we know the more we know we don’t know. And the more 
we want to know… and that’s the whole fun of it, scientific research included! 
 

 
3.6. Materials and Solutions to be Discovered 
 
The ultimate thermal solution will always be subject to change as time is progressing. 
That is, the thermal solution we are searching might very well, also for the near future, 
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be found in solutions governed by hitherto unknown principles and which has yet to be 
discovered or invented. With other words, the thermal solution of tomorrow might be 
found in materials and solutions not yet thought of, which requires that we may have to 
think thoughts not yet thought of. 
 

 
4. THE POTENTIAL OF THE STATE-OF-THE-ART AND BEYOND 
 
In Table 2 there is given a short summary of the potential of the state-of-the-art and 
beyond with respect to becoming the high performance thermal insulation materials 
and solutions of tomorrow. Traditional thermal insulations like mineral wool and 
expanded or extruded polystyrene (EPS or XPS) are included as a reference for 
comparison. In addition to being a summary, Table 2 might be used to initiate a chain 
of thoughts of how to proceed beyond today’s state-of-the-art thermal solutions. It 
should also be noted that Table 2 expresses the current status for the state-of-the-art 
solutions of today and the foreseen status for the beyond state-of-the-art solutions, 
where certain items in the table might be subject both to discussion and change. 
 
At the moment, the NIM solution seems to represent the best high performance low 
conductivity thermal solution for the foreseeable future. In order to be able to regulate 
the thermal conductivity, the DIM solution may accomplish such a feat. However, how 
long time it would take before DIMs with satisfactory properties could be made, is 
rather questionable and difficult to predict. 
 
Table 2. The potential of todays and beyond state-of-the-art solutions for becoming the high 

performance thermal insulation materials and solutions of tomorrow. 
 

Thermal 
Insulation 

Materials and 
Solutions 

Low Pristine 
Thermal 

Conductivity 

Low 
Long-Term 

Thermal 
Conductivity 

Perforation 
Robustness 

Possible 
Building Site 

Adaption 
Cutting 

A Thermal 
Insulation 

Material and 
Solution of 

Tomorrow ? 
Traditional 

Mineral Wool and 
Polystyrene no no yes yes no 

Todays State-of-the-Art 
Vacuum Insulation 

Panels (VIP) yes maybe no no today and 
near future 

Gas-Filled 
Panels (GFP) maybe maybe no no probably not, 

near future 

Aerogels maybe maybe yes yes maybe 

Phase Change 
Materials (PCM) - - - - heat storage 

and release 
Beyond State-of-the-Art – Advanced Insulation Materials (AIM) 

Vacuum Insulation 
Materials (VIM) yes maybe yes yes yes 

Gas Insulation 
Materials (GIM) yes maybe yes yes maybe 

Nano Insulation 
Materials (NIM) yes yes yes, excellent yes, excellent yes, excellent 

Dynamic Insulation 
Materials (DIM) maybe maybe not known not known yes, excellent 

Others ? - - - - maybe 
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5. CONCLUSIONS 
 
In search for the development of high performance thermal materials and solutions 
beyond the state-of-the-art of today, new concepts have been introduced, i.e. 
advanced insulation materials (AIMs) as vacuum insulation materials (VIMs), nano 
insulation materials (NIMs), gas insulation materials (GIMs) and dynamic insulation 
materials (DIMs). These materials may have closed pore structures (VIMs and GIMs) 
or either open or closed pore structures (NIMs). The DIMs aim at controlling the 
material insulation properties, e.g. solid state core conductivity, emissivity and pore gas 
content. Fundamental theoretical studies aimed at developing an understanding of the 
basics of thermal conductance in solid state matter at an elementary and atomic level 
have also been addressed. The ultimate goal of these studies is to develop tailor-made 
novel high performance thermal insulation materials and dynamic insulation materials, 
the latter one enabling to control and regulate the thermal conductivity in the materials 
themselves, i.e. from highly insulating to highly conducting. Furthermore, requirements 
of the future high performance thermal insulation materials and solutions have been 
proposed. At the moment, the NIM solution seems to represent the best high 
performance low conductivity thermal solution for the foreseeable future. If robust and 
practical DIMs can be made, they have great potential due to their controllable thermal 
insulating abilities. 
 

 
ACKNOWLEDGEMENTS 
 
This work has been supported by the Research Council of Norway, AF Gruppen, Glava, Hunton Fiber as, 
Icopal, Isola, Jackon, maxit, Moelven ByggModul, Rambøll, Skanska, Statsbygg and Takprodusentenes 
forskningsgruppe through the SINTEF and NTNU research project ”Robust Envelope Construction Details 
for Buildings of the 21st Century” (ROBUST). 
 
REFERENCES 
 
R. J. Alderman and D. W. Yarbrough, ”Use of phase-change materials to enhance the thermal 
performance of building insulations”, Proceedings of the 29th International Thermal Conductivity 
Conference and the 17th International Thermal Expansion Symposium, ITCC 29 and ITES 17, Thermal 
Conductivity 29 / Thermal Expansion 17, pp. 129-136, 2008, Birmingham, Alabama, USA, June 24-27, 
2007. 
 
Aspen Aerogels, Spaceloft® 3251, 6251, 9251, ”Flexible insulation for industrial, commercial and 
residential applications”, Retrieved October 7, 2008, from www.aerogel.com, 2008(a). 
 
Aspen Aerogels, SpaceloftTM 6250, ”Extreme protection for extreme environments”, Retrieved October 7, 
2008, from www.aerogel.com, 2008(b). 
 
R. Baetens, "Properties, requirements and possibilities for highly thermal insulating materials and solutions 
in buildings - State-of-the-art and beyond", M.Sc. Thesis, Catholic University of Leuven - Department of 
Architecture, Urban Design and Regional Planning (Leuven, Belgium), SINTEF Building and Infrastructure 
- Department of Building Materials and Structures (Trondheim, Norway) - Norwegian University of Science 
and Technology - Department of Civil and Transport Engineering (Trondheim, Norway), 2009. 
 
R. Baetens, B. P. Jelle, J. V. Thue, M. J. Tenpierik, S. Grynning, S. Uvsløkk and A. Gustavsen, "Vacuum 
insulation panels for building applications: A review and beyond", Energy and Buildings, 42, 147-172, 
2010(a). 
 
R. Baetens, B. P. Jelle and A. Gustavsen, ”Properties, requirements and possibilities of smart windows for 
dynamic daylight and solar energy control in buildings: A state-of-the-art review”, Solar Energy Materials & 
Solar Cells, 94, 87-105, 2010(b). 
 
J. Bardeen, L. N. Cooper and J. R. Schrieffer, “Microscopic theory of superconductivity”, Physical Review, 
106, 162-164, 1957(a). 
 



Accepted for publication in Journal of Building Physics, 2010. 

 18 

J. Bardeen, L. N. Cooper and J. R. Schrieffer, “Theory of superconductivity”, Physical Review, 108, 
1175-1204, 1957(b). 
 
A. Beck, O. Frank and M. Binder, ”Influence of water content on the thermal conductivity of vacuum panels 
with fumed silica kernels”, Proceedings of the 8th International Vacuum Insulation Symposium, 2007, 
ZAEBayern/UniWue, Würzburg, Germany, September 18-19, 2007. 
 
J. G. Bednorz and K. A. Müller, “Possible highTc superconductivity in the Ba-La-Cu-O system”, Zeitschrift 
für Physik B Condensed Matter, 64, 189-193, 1986. 
 
P. Ben-Abdallah, K. Joulain, J. Drevillon and G. Domingues, “Tailoring the local density of states of 
nonradiative field at the surface of nanolayered materials” , Applied Physics Letters, 94, 153117-1-3, 
2009(a). 
 
P. Ben-Abdallah, K. Joulain, J. Drevillon and G. Domingues, “Near-field heat transfer mediated by surface 
wave hybridization between two films” , Applied Physics Letters, 106, 044306-1-11, 2009(b). 
 
R. F. Boehm and C. L. Tien, “Small spacing analysis of radiative transfer between parallel metallic 
surfaces”, Transactions of the ASME, Journal of Heat Transfer, 92, 405-411, 1970. 
 
S. Brunner and H. Simmler, ”In situ performance assessment and service life of vacuum insulation panels 
(VIP) in buildings”, Proceedings of the 8th International Vacuum Insulation Symposium, 2007, 
ZAEBayern/UniWue, Würzburg, Germany, September 18-19, 2007. 
 
S. Brunner and H. Simmler, ”In situ performance assessment of vacuum insulation panels in a flat roof 
construction”, Vacuum, 82, 700-707, 2008. 
 
R. Caps and J. Fricke, ”Thermal conductivity of opacified powder filler materials for vacuum insulation”, 
International Journal of Thermophysics, 21, 445-452, 2000. 
 
R. Caps, ”Monitoring gas pressure in vacuum insulation panels”, Proceedings of the 7th International 
Vacuum Insulation Symposium, pp. 57-66, 2005, EMPA, Dübendorf, Switzerland, September 28-29, 2005. 
 
R. Caps, H. Beyrichen, D. Kraus and S. Weismann, ”Quality control of vacuum insulation panels: Methods 
of measuring gas pressure”, Vacuum, 82, 691-699, 2008. 
 
J. C. Chiang and A. G. MacDiarmid, “’Polyaniline’: Protonic acid doping of the emeraldine form to the 
metallic regime”, Synthetic Metals, 13, 193-205, 1986. 
 
E. G. Cravalho, C. L. Tien and R. P. Caren, “Effect of small spacings on radiative transfer between two 
dielectrics”, Transactions of the ASME, Journal of Heat Transfer, 89, 351-358, 1967. 
 
P. Dai, B. C. Chakoumakos, G. F. Sun, K. W. Wong, Y. Xin and D. F. Lu, "Synthesis and neutron powder 
diffraction study of the superconductor HgBa2Ca2Cu3O8+δ by Tl substitution", Physica C: Superconductivity, 
243, 201-206, 1995. 
 
M. F. Demirbas, ”Thermal energy storage and phase change materials: An overview”, Energy Sources, 
Part B: Economics, Planning and Policy, 1, 85-95, 2006. 
 
M. M. Farid, A. M. Khudhair, S. A. K. Razack and S. Al-Hallaj, ”A review on phase change energy storage: 
Materials and applications”, Energy Conversion and Management, 45, 1597-1615, 2004. 
 
A. D. Feinerman, R. Lajos, V. Sood and R. J. Carlton, ”Vacuum insulation panels with supporting elements 
in tension”, Proceedings of the 29th International Thermal Conductivity Conference and the 17th 
International Thermal Expansion Symposium, ITCC 29 and ITES 17, Thermal Conductivity 29 / Thermal 
Expansion 17, pp. 100-108, 2008, Birmingham, Alabama, USA, June 24-27, 2007. 
 
J. Fricke, ”From dewars to VIPs - One century of progress in vacuum insulation technology”, Proceedings 
of the 7th International Vacuum Insulation Symposium, pp. 5-14, 2005, EMPA, Dübendorf, Switzerland, 
September 28-29, 2005. 
 
J. Fricke, H. Schwab and U. Heinemann, ”Vacuum insulation panels - Exciting thermal properties and most 
challenging applications”, International Journal of Thermophysics, 27, 1123-1139, 2006. 
 
C. J. Fu and Z. M. Zhang, “Nanoscale radiation heat transfer for silicon at different doping levels”, 
International Journal of Heat and Mass Transfer, 49, 1703-1718, 2006. 
 



Accepted for publication in Journal of Building Physics, 2010. 

 19 

R. B. Goldner, A. Brofos, G. Foley, E. L. Goldner, T. E. Haas, W. Henderson, P. Norton, B. A. Ratnam, N. 
Weis and K. K. Wong, “Optical frequencies free electron scattering studies on electrochromic materials for 
variable reflectivity windows”, Solar Energy Materials, 12, 403-410, 1985. 
 
G. Gould, W. E. Rhine, S. E. Smith, K. Deshpande, I. M. Melnikova and D. Fomitchev, ”Thermal 
conductivity of titania-opacified aerogels versus microporous silica”, Proceedings of the 29th International 
Thermal Conductivity Conference and the 17th International Thermal Expansion Symposium, ITCC 29 and 
ITES 17, Thermal Conductivity 29 / Thermal Expansion 17, pp. 313-322, 2008, Birmingham, Alabama, 
USA, June 24-27, 2007. 
 
C. G. Granqvist, ”Electrochromic devices”, Journal of the European Ceramic Society, 25, 2907-2912, 
2005. 
 
C. G. Granqvist, S. Green, G. A. Niklasson, N. R. Mlyuka, S. von Kræmer and P. Georén, ”Advances in 
chromogenic materials and devices”, Thin Solid Films, 518, 3046-3053, 2010. 
 
B. T. Griffith and D. Arashteh, ”Gas-filled panels: A thermally improved building insulation”, Proceedings of 
the Thermal Performance of the Exterior Envelopes of Buildings V International Conference (Buildings V), 
Clearwater Beach, Florida, USA., December 7-10, 1992. 
 
B. T. Griffith, D. Türler and D. Arashteh, ”Optimizing the effective conductivity and cost of gas-filled panel 
thermal insulations”, Proceedings of the 22nd International Thermal Conductivity Conference, 1993, 
Arizona State University, Phoenix, Arizona, USA, November 7-10, 1993. 
 
B. T. Griffith, D. Arashteh and D. Türler, “Gas-filled panels: An update on applications in the building 
thermal envelope”, Proceedings of the BETEC Fall Symposium, Superinsulations and the Building 
Envelope, 1995, Washington, D.C., USA, November 14, 1995. 
 
S. Grynning, R. Baetens, B. P. Jelle, A. Gustavsen, S. Uvsløkk and V. Meløysund, 
”Vakuumisolasjonspaneler for bruk i bygninger – Egenskaper, krav og muligheter” (”Vacuum insulation 
panels for application in buildings – Properties, requirements and possibilities”), (in Norwegian), SINTEF 
Byggforsk Prosjektrapport, nr. 31, 2009. 
 
Handbook of Chemistry and Physics, 84th edition, pp. 6-47 and 6-195, CRC Press, 2003-2004. 
 
C. M. Hargreaves, “Anomalous radiative transfer between closely-spaced bodies”, Physics Letters, 30A, 
491-492, 1969. 
 
S. M. Hasnain, ”Review on sustainable thermal energy storage technologies, Part I: Heat storage materials 
and techniques”, Energy conversion and management, 39, 1127-1138, 1998. 
 
S. R. Hostler, A. R. Abramson, M. D. Gawryla, S. A. Bandi and D. A. Schiraldi, ”Thermal conductivity of a 
clay-based aerogel”, International Journal of Heat and Mass Transfer, 52, 665-669, 2008. 
 
B. P. Jelle, G. Hagen, S. M. Hesjevik and R. Ødegård, ”Reduction factor for polyaniline films on ITO from 
cyclic voltammetry and visible absorption spectra”, Electrochimica Acta, 38, 1643-1647, 1993(a). 
 
B. P. Jelle and G. Hagen, ”Transmission spectra of an electrochromic window based on polyaniline, 
prussian blue and tungsten oxide”, Journal of Electrochemical Society, 140, 3560-3564, 1993(b). 
 
B. P. Jelle, ”Electrochemical and spectroscopic studies of electrochromic materials”, Ph.D. thesis, 
1993:131, Department of Applied Electrochemistry, The Norwegian Institute of Technology, Trondheim, 
Norway, 1993(c). 
 
B. P. Jelle, G. Hagen and Ø. Birketveit, ”Transmission properties for individual electrochromic layers in 
solid state devices based on polyaniline, prussian blue and tungsten oxide”, Journal of Applied 
Electrochemistry, 28, 483-489, 1998. 
 
B. P. Jelle and G. Hagen, ”Performance of an electrochromic window based on polyaniline, prussian blue 
and tungsten oxide”, Solar Energy Materials & Solar Cells, 58, 277-286, 1999. 
 
B. P. Jelle, A. Gustavsen, T.-N. Nilsen and T. Jacobsen, ”Solar material protection factor (SMPF) and solar 
skin protection factor (SSPF) for window panes and other glass structures in buildings”, Solar Energy 
Materials & Solar Cells, 91, 342-354, 2007. 
 



Accepted for publication in Journal of Building Physics, 2010. 

 20 

B. P. Jelle, A. Gustavsen and R. Baetens, ”Beyond vacuum insulation panels - How may it be achieved?”, in 
Proceedings of the 9th International Vacuum Insulation Symposium (IVIS 2009), London, England, 
September 17-18, 2009. 
 
K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati and J.-J. Greffet, “Surface electromagnetic waves 
thermally excited: Radiative heat transfer, coherence properties and Casimir forces revisited in the near 
field”, Surface Science Reports, 57, 59-112, 2005. 
 
A. M. Khudhair and M. M. Farid, ”A review on energy conservation in building applications with thermal 
storage by latent heat using phase change materials”, Energy Conservation and Management, 45, 
263-275, 2004. 
 
J. Kosny, D. W. Yarbrough, T. Petrie and S. A. Mohiuddin, ”Performance of thermal insulation containing 
microencapsulated phase change material”, Proceedings of the 29th International Thermal Conductivity 
Conference and the 17th International Thermal Expansion Symposium, ITCC 29 and ITES 17, Thermal 
Conductivity 29 / Thermal Expansion 17, pp. 109-119, 2008, Birmingham, Alabama, USA, June 24-27, 
2007. 
 
C. M. Lampert, “Smart switchable glazing for solar energy and daylight control”, Solar Energy Materials & 
Solar Cells, 52, 207-221, 1998. 
 
C. M. Lampert, “Chromogenic smart materials”, Materials Today, pp. 28-35, March 2004. 
 
F. London and H. London, “The electromagnetic equations of the supraconductor”, Proceedings of the 
Royal Society of London, Series A, Mathematical and Physical Sciences, Vol. 149, No. 866, pp. 71-88, 
1935. 
 
F. London, “On the problem of the molecular theory of superconductivity“, Physical Review, 74, 562-573, 
1948. 
 
J. J. Loomis and H. J. Maris, “Theory of heat transfer by evanescent electromagnetic waves”, Physical 
Review B, 50, 18517-18524, 1994. 
 
McKinsey, “Pathways to a Low-Carbon Economy. Version 2 of the Global Greenhouse Gas Abatement 
Cost Curve”, McKinsey & Company, 2009. 
 
G. L. Mills and C. M. Zeller, ”The performance of gas filled multilayer insulation”, Advances of cryogenic 
engineering: Transactions of the cryogenic engineering conference, 53, 1475-1482, 2008. 
 
J.-P. Mulet, K. Joulain, R. Carminati and J.-J. Greffet, “Enhanced radiative heat transfer at nanometric 
distances”, Microscale Thermophysical Engineering, 6, 209-222, 2002. 
 
J. L. Pan, H. K. H. Choy and C. G. Fonstad Jr., “Very large radiative transfer over small distances from a 
black body for thermophotovoltaic applications”, IEEE Transactions on Electron Devices, 47, 241-249, 
2000. 
 
K. Raed and U. Gross, ”Review on gas thermal conductivity in porous materials and Knudsen effect”, 
Proceedings of the 29th International Thermal Conductivity Conference and the 17th International Thermal 
Expansion Symposium, ITCC 29 and ITES 17, Thermal Conductivity 29 / Thermal Expansion 17, 
pp. 356-373, 2008, Birmingham, Alabama, USA, June 24-27, 2007. 
 
K. Ramakrishnan, A. Krishnan, V. Shankar, I. Srivastava, A. Singh and R. Radha, ”Modern Aerogels”, 
www.dstuns.iitm.ac.in, Retrieved September 27, 2008. 
 
E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J. Chevrier and J.-J. Greffet, “Radiative heat transfer 
at the nanoscale”, Nature Photonics, 3, 514-517, 2009. 
 
J. M. Schultz, K. I. Jensen and F. H. Kristiansen, ”Super insulating aerogel glazing”, Solar Energy 
Materials & Solar Cells, 89, 275-285, 2005. 
 
J. M. Schultz and K. I. Jensen, ”Evacuated aerogel glazings“, Vacuum, 82, 723-729, 2008. 
 
H. Schwab, U. Heinemann, A. Beck, H.-P. Ebert and J. Fricke, ”Permeation of different gases through foils 
used as envelopes for vacuum insulation panels”, Journal of Thermal Envelope & Building Science, 28, 
293-317, 2005(a). 
 



Accepted for publication in Journal of Building Physics, 2010. 

 21 

H. Schwab, U. Heinemann, A. Beck, H.-P. Ebert and J. Fricke, ”Dependence of thermal conductivity on 
water content in vacuum insulation panels with fumed silica kernels”, Journal of Thermal Envelope & 
Building Science, 28, 319-326, 2005(b). 
 
H. Schwab, U. Heinemann, J. Wachtel, H.-P. Ebert and J. Fricke, ”Predictions for the increase in pressure 
and water content of vacuum insulation panels (VIPs) integrated into building constructions using model 
calculations”, Journal of Thermal Envelope & Building Science, 28, 327-344, 2005(c). 
 
H. Scwab, C. Stark, J. Wachtel, H.-P. Ebert and J. Fricke, ”Thermal bridges in vacuum-insulated building 
facades”, Journal of Thermal Envelope & Building Science, 28, 345-355, 2005(d). 
 
H. Schwab, U. Heinemann, A. Beck, H.-P. Ebert and J. Fricke, ”Prediction of service life for vacuum 
insulation panels with fumed silica kernel and foil cover”, Journal of Thermal Envelope & Building Science, 
28, 357-374, 2005(e). 
 
Z. Z. Sheng and A. M. Hermann, "Bulk superconductivity at 120 K in the Tl-Ca/Ba-Cu-O system", Nature, 
332, 138-139, 1988. 
 
H. Simmler and S. Brunner, ”Vacuum insulation panels for building application - Basic properties, ageing 
mechanisms and service life”, Energy and Buildings, 37, 1122-1131, 2005(a). 
 
H. Simmler and S. Brunner, ”Ageing and service life of VIP in buildings”, Proceedings of the 7th 
International Vacuum Insulation Symposium, pp. 15-22, 2005, EMPA, Dübendorf, Switzerland, September 
28-29, 2005(b). 
 
H. Simmler, S. Brunner, U. Heinemann, H. Schwab, K. Kumaran, P. Mukhopadhyaya, D. Quénard, H. 
Sallée, K. Noller, E. Kücükpinar-Niarchos, C. Stramm, M. Tenpierik, H. Cauberg and M. Erb, “Vacuum 
insulation panels - Study on VIP-components and panels for service life prediction of VIP in building 
applications (Subtask A)”, HiPTI - High Performance Thermal Insulation, IEA/ECBCS Annex 39, 
September 2005(c). 
 
D. M. Smith, A. Maskara and U. Boes, “Aerogel-based thermal insulation”, Journal of Non-Crystalline 
Solids, 225, 254-259, 1998. 
 
M. Tenpierik and H. Cauberg, ”Analytical models for calculating thermal bridge effects caused by thin high 
barrier envelopes around vacuum insulation panels”, Journal of Building Physics, 30, 185-215, 2007(a). 
 
M. J. Tenpierik, J. J. M. Cauberg and T. I. Thorsell, ”Integrating vacuum insulation panels in building 
constructions: An integral perspective”, Construction Innovation, 7, 38-53, 2007(b). 
 
M. Tenpierik, W. van der Spoel and H. Cauberg, ”Simplified analytical models for service life prediction of a 
vacuum insulation panel”, Proceedings of the 8th International Vacuum Insulation Symposium, 2007, 
ZAEBayern/UniWue, Würzburg, Germany, September 18-19, 2007(c). 
 
M. Tenpierik, W. van der Spoel and H. Cauberg, ”An analytical model for calculating thermal bridge effects 
in high performance building enclosure”, Journal of Building Physics, 31, 361-387, 2008. 
 
A. I. Volokitin and B. N. J. Persson, “Radiative heat transfer between nanostructures”, Physical Review B, 
63, 205404-1-11, 2001. 
 
A. I. Volokitin and B. N. J. Persson, “Near-field radiative heat transfer and noncontact friction”, Review of 
Modern Physics, 79, 1291-1329, 2007. 
 
M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang, Y. Q. Wang and C. W. 
Chu, “Superconductivity at 93 K in a new mixed-phase Y-Ba-Cu-O compound system at ambient 
pressure”, Physical Review Letters, 58, 908-910, 1987. 
 
D. W. Yarbrough, T. W. Petrie, D. Kinninger and R. S. Graves, ”Thermal performance of gas-filled panels 
with reflective surfaces Installed in an attic”, Proceedings of the Thermal Performance of the Exterior 
Envelopes of Whole Buildings X International Conference (Buildings X), Clearwater Beach, Florida, USA., 
December 2-7, 2007. 
 
Z. M. Zhang, “Nano/microscale heat transfer”, McGraw-Hill, 2007. 
 
M. Zwerger and H. Klein, ”Integration of VIPs into external wall insulation system”, Proceedings of the 7th 
International Vacuum Insulation Symposium, pp. 173-179, 2005, EMPA, Dübendorf, Switzerland, 
September 28-29, 2005. 


