
1 

 

 

 

 

 
FEASIBILITY STUDY OF USING SILICA 

AEROGEL AS INSULATION FOR 
BUILDINGS 

 

Lang Huang 

 

 

 

 
Master of Science Thesis 

KTH School of Industrial Engineering and Management 
Energy Technology EGI-2012-027MSC 

Division of ETT 
SE-100 44 STOCKHOLM 

 



2 

 

 

 

 

 Master of Science Thesis EGI 2012:027MSC 

 

FEASIBILITY STUDY OF USING SILICA 
AEROGEL AS INSULATION FOR BUILDINGS 

   

  Name: Lang Huang 
 

Approved 

30th May, 2012 

Examiner 

Björn Palm 

Supervisor 

Ehsan Biaraf Haghighi 
 Commissioner 

 

Contact person 

 

ABSTRACT 
For recent years, silica aerogel has attracted great attention and been extensively used 
in different technical fields owning to its remarkable properties in optics, mechanics, 
acoustics etc. especially in thermology. The thermal conductivity of a number of 
different insulation materials has been measured both by Transient Plane Source (TPS) 
and a new designed experiment−Guarded hot plate method respectively. It turns out 
that silica aerogel has the lowest thermal conductivity value of 0.0144 W/mK and 
accordingly the highest thermal resistance among all those common insulation materials 
which makes it a good choice in buildings insulation industry. Besides, the energy-
saving and heating-cost of silica aerogel used as building insulations is calculated by 
the method of Life cycle cost analysis method (LCCA), and the result shows silica 
aerogel can help to reduce the annual heat loss of a building by 50.9% and also help to 
reduce about half of the annual heating costs when compared with other insulations. 
Due to the excellent thermal performances, however, silica aerogel has much higher 
selling prices (75.24 US$/m2) than the other normal insulation materials, and then a 
comparatively longer payback time (3.54 years) has to be taken than the other 
competitive solutions (0.22 years for EPS, 0.07 years for XPS, etc.). And the feasibility 
of using silica aerogel as building insulations is discussed. 

Key words: Silica aerogel; Thermal conductivity; Insulation 
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NOMENCLATURE 
EPS－Expanded Polystyrene 

XPS－Extruded Polystyrene 

PUR－Polyurethane 

VIP－Vacuum Insulation Panel 

GFP－Gas-filled Panel 

PCM－Phase Change Material 

IUPAC－International Union of Pure and Applied Chemistry 

PEDS－Polyethoxydisiloxane 

TEDS－Tetramethoxysilane 

TMOS－Tetramethoxysilane 

MTMS－Methyltrimethoxysilane 

MTES－Methyltriethoxysilane 

HTSCD－High Temperature Supercritical Drying 

LTSCD－Low Temperature Supercritical Drying 

APD－Ambient Pressure Drying 

TPS－Transient Plane Source 

THS－Transient Hot Strip  

LCCA－Life Cycle Cost Analysis 
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HDD－Heating Degree Days 

 

 

1 INTRODUCTION 
Energy conservation is a big issue for the human’s sustainable development and 
improving the quality of people’s life and environment. A lot of natural resources and 
different kinds of energy are consumed during the process of the construction and 
during using of buildings, which takes up a considerable part of total energy 
consumption of the world. According to the statistics, buildings use about 41% of the 
consuming energy in the EU every year (Figure 1-a) (LLP, 2012) which results in a large 
amount of wastes and affects the air quality. And the energy is consumed not only by 
some domestic buildings, but also by quantities of non-domestic buildings like industry 
and retail buildings, hotels and restaurants, and commercial offices as well as schools 
etc. as shown in (Figure 1-b) (LLP, 2012). Therefore, it is imperative to promoting the 
energy efficiency of buildings. Currently, thermal insulation in modern buildings has 
become a crucial way to meet the demands of improved energy efficiency, by which the 
conduction of heat through walls, ceilings, windows roofs and floors can be retarded 
effectively. 

 

                   

(a) (b) 
Figure 1: Buildings & Industrial Facilities Overview (LLP, 2012) 
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1.1 Thermal building insulations 
Building insulations means using some materials as thermal insulation for reducing the 
heat transfer in the construction or retrofit of building. Since maintaining a comfortable 
temperature in buildings uses a large proportion of global energy, thermal insulation will 
help to reduce unwanted heat loss and can decrease the energy demands of heating 
and cooling system.  

The effectiveness of insulation is commonly evaluated by the key property of a thermal 
insulation material―thermal conductivity k (W ∙ (mK)−1), which refers to a material’s 
ability to conduct heat. Another two corresponded parameters should also be 
introduced: thermal resistance R-value (m2K/W) and thermal transmittance (or overall 
heat transfer coefficient) U-value (W/(m2K)), where thermal resistance is a measure of 
a temperature difference by which an object or material resist a heat flow per time unit 
and thermal transmittance refers to the rate of heat transfer through one square meter 
of a structure divided by the temperature difference across the structure. As good 
insulation materials, it is needed to achieve as low thermal conductivity as possible, 
which enables, accordingly, a high thermal resistance as well as a low thermal 
transmittance.  

Moreover, common insulation materials are characterized by light weight, small 
apparent density, loose and porous, which can barrier the thermal conductivity by the 
internal non-flow air. Among these, the inorganic insulation materials have non-
flammability, a wide temperature range, good resistance to chemical corrosion while the 
organic materials have high intensity, low water absorption as well as good 
impermeability.  

1.2 Traditional insulation materials 
Some traditional materials with relatively low thermal conductivity have now been widely 
used in building insulations, such as mineral wool, expanded polystyrene (EPS), 
extruded polystyrene (XPS), cork, polyurethane (PUR) as well as cellulose, and they 
are introduced below with some details. 

1.2.1 Mineral wool 
Mineral wool is a kind of fluffy short fibers made from natural mineral raw materials 
(Figure 2), covering glass wool and rock wool, which usually can be produced as 
blankets, mats, ropes and boards.  Mineral wool has good acoustic performance, small 
bulk density (typically between 30 and 200Kg/m3 ) (studio, 2010), and low thermal 
conductivities values, about 30 to 40 mW∙ (mK)−1  at 10℃ (Jeller, 2011), but its thermal 
conductivity varies as the change of temperature, moisture content and mass density. 
Besides, mineral wool has properties of non-combustibility, non-toxicity, good durability, 
heat resistance as well as corrosion resistance. Mineral wool is often referred to rock 
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wool. The rock wool products can be used in steel, concrete and masonry roofs, 
partitions and walls’ insulation, as well as high temperature pipe insulation.  

 

Figure 2: Scheme of Mineral Wool Material (LTD, 2008) 

1.2.2 Expanded Polystyrene (EPS) 
Expanded Polystyrene (EPS) (Figure 3) is made from expandable polystyrene, which is 
a rigid cellular plastic containing an expansion agent. EPS is a perfect material for 
packaging, and simultaneously, it is also widely used in building insulation and sound 
insulation, covering of side wall and inner wall because of its good shock absorption 
ability and low thermal conductivity of 30 to 40 mW∙ (mK)−1  at 10 ℃ (Jeller, 2011), high 
compressive resistance, low weight and its humidity resistance as well as low density of 
40 Kg/m3 (F. Ochs, 2005). The thermal conductivity of EPS varies as the change of its 
temperature, moisture content as well as mass density.  

 

Figure 3: Scheme of Expanded Polystyrene Material (Dreamstime, 2000-2012) 

1.2.3 Extruded Polystyrene (XPS) 
Extruded Polystyrene (XPS), also known as Extruded Expanded Polystyrene (XEPS), is 
formed by extrusion process, due to which, extruded polystyrene has a more regular 
and well-arranged cell structure, smooth continuous surface and consistent qualities 
across all areas. Typical thermal conductivity XPS are between 30 and 40 mW∙ (mK)−1 
at 10 ℃ (Jeller, 2011). Besides, XPS has a density of 40 Kg/m3 (F. Ochs, 2005), and a 
higher thermal insulation capability than other insulation materials, and better moisture 
resistance. Also, extruded polystyrene material is resistant to many common chemicals, 
like acids, alcohol, brines and salt water.  But the only problem is its flammability, which 
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may cause fire threat if improperly installed. Extruded polystyrene products benefit for 
nearly all the construction and engineering fields, such as building insulation materials, 
sound dampening and flooring, and also be frequently used for food packaging.  

 

Figure 4: Scheme of Extruded Polystyrene Material (Book, 1993-2012) 

1.2.4 Cork 
Cork (Figure 5) is the bark of cork oak tree, which can be obtained periodically from the 
tree. It is a renewable material with the properties of low density (120~200Kg/m3) and 
high porosity ranging from 0.5 to 22% (Ofelia Anjos, 2008), owning to which, cork has 
very high acoustic resistivity, also a general thermal conductivity of 45mW ∙ (mK)−1  at 25 
℃ and thermal diffusivity of 1 × 10−6   m2s−1 (S.P. Sliva, 2005). Besides, cork is with 
very low permeability to liquids, large compressibility, chemaical stability and durability. 
For now, cork products have been well used as a sealant of wine bottles because of its 
excellent sealing ability, or as the insulation materials for buildings.  

 

Figure 5: Scheme of Cork Material (Zazzle, 2000-2012) 

1.2.5 Polyurethane (PUR) 
Polyurethane (PUR) (Figure 6) is generally called the macromolecular compounds 
containing repeated carbamate groups (NHCOO) on its main chain, and it is formed by 
a reaction of isocyanates and polyols (alcohols with multiple hydroxyl groups) (Jeller, 
2011). Polyurethane has a density of 40 ~ 60 Kg/m3 , and thermal conductivity of 



16 

 

35mW∙ (mK)−1  at 10℃ (F. Ochs, 2005). Also, this material is with properties of light 
weight (density adjustable), excellent thermal and sound insulation abilities, good 
chemical resistance and low water absorption. And the most noteworthy is that the 
specifications, varieties and recipes of the synthetic products can be changed freely 
according to specific performance requirements. Most polyurethane products will be 
used for cold storage, cold tank, pipe insulation and also as the thermal insulation as 
well as sound insulation materials in high-rise buildings, aviation, automotive and other 
departments. Moreover, some ultra-low-density foam from polyurethane can be used as 
shockproof packaging materials and hull sandwich filling materials.  

 

Figure 6: Scheme of Polyurethane Material (Inc, 2012) 

1.2.6 Cellulose 
Cellulose ( (𝐶6𝐻10𝑂5)𝑛 ) (Figure 7) is an organic compound formed from recycled paper 
or wood pulp. Cellulose products can be used in wall and roof cavities to separate the 
inside and outside of the building thermally and acoustically, because of its good sound 
insulation, pest control property, fire retardation, vapor barrier, and good thermal 
performance. Traditional cellulose products have a settled density between 24 to 27.2 
Kg/m3 (Lea, 1996) and a thermal conductivity of 35 mW∙ (mK)−1 at 10℃ (Anon., 2012). In 
addiation, cellulose is compeletly green and recycled insulation for improving the 
qualities of the environment. According to the statistics from Cellulose Insulation 
Manuactures Association (CIMA), if all the paper at present being put into landfills each 
year were converted to cellulose insulation, it would save approximately eight million 
tons of CO2 emissions (Association, 2012). 
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Figure 7: Scheme of Cellulose Material (WordPress.com, 2010) 

1.3 State-of-the-art thermal building insulations 
Traditional insulation materials can be used in different aspects for building insulation. 
But they are not economically desirable for very thick building envelopes, floor area 
limitation, transport volume limitation, architectural restrictions point of view. Some 
state-of-the-art thermal insulation materials including Vacuum Insulation Panels (VIP), 
Gas-filled Panels (GFP), and Aerogels, as well as Phase Changed Material (PCM), 
which are briefly introduced as follows: 

1.3.1 Vacuum Insulation Panels (VIP) 
A vacuum insulation panel (VIP) (Figure 8) is constituted by three parts: membrane 
walls, used to prevent air from getting into the panel; a panels from highly-porous 
materials like fumed silica, aerogel or glass fiber, to support the membrane walls 
against atmospheric pressure when the air is evacuated; and last some chemicals used 
for sealing of the membrane walls. VIP is well-used in building constructions because of 
its better thermal performance than other conventional insulation materials like mineral 
wool, polystyrene, etc. The typical thermal conductivity of VIP material is ranging from 
between 3 and 4 mW∙ (mK)−1 for the dry core at 1 mbar and 10℃ to an overall value of 
8 mW∙ (mK)−1 when the heat conduction through the panel edges of VIP and entering 
the core materials (Jeller, 2011). Accordingly, it has high thermal resistance, which is 
five to eight times higher than conventional materials (Samuel Brunner, 2008). 

 

Figure 8: Scheme of Vacuum Insulation Panel (Jocelyn, 2010) 

However, the VIP panel materials are more difficult to manufacture than those 
conventional materials because of the requirements for strict quality control and sealing 
techniques. And VIP products cannot be cut to adjust the building sizes as this would 
destroy the vacuum. Thus non-standard-sized VIPs must be custom-tailored which will 
certainly increase the cost. Despite of its high costs and production difficulties, VIP still 
represent a huge development in thermal insulation for building applications. Their very 
high thermal resistance makes them play an important role in situations with strict 
insulation requirements. 
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1.3.2 Gas-filled Panels (GFP) 
Gas-filled panels or GFPs (Figure 9), is a device consisting of thin polymer films and 
low-conductivity gas, with extraordinary thermal insulation properties. GFP Insulation is 
composed of two external aluminum foil/polymer laminates and five internal special 
aluminum films which expand with gas to form a flexible honey comb panel (Format, 
2007-2012). Those sealed exterior aluminum foil barrier films can provide thermal 
resistance, flammability protection, and properties to contain the gas-fill which can be air, 
argon, krypton or xenon with insulating values R-5.0, R-6.4, R-7.6, and R-11 (ft2 ∙ F ∙
h/Btu)  respectively (Wilson, 2010), almost about 36.1 mW ∙ (mK)−1  for air, 49.2 
mW∙ (mK)−1 for argon and 86.7mW∙ (mK)−1 for krypton (David W. Yorbrough, 2007). 

GFP can be used as insulation materials in domestic refrigerator/freezers, buildings, 
automotive as well as transportation, which can improve the energy efficiency and 
reduce the heat loss. However, compare to VIPs, gas-filled panels have higher thermal 
conductivity, about 4 or higher mW ∙ (mK)−1 (Jeller, 2011), therefore, VIP seems to be a 
better choice for insulation applications. 
 

 
Figure 9: Scheme of Gas-filled Panel (Source, 2012) 

1.3.3 Aerogels 
Aerogels (Figure 10) are the world’s lightest solid materials composed of 99% air (Baike, 
2012). Aerogels is a synthetic porous material with very low density (3 Kg/m3) and 
extremely low thermal conductivity of 14 mW/(mK), as well as incredibly light weight 
and high specific surface area. More details about these new materials will be 
introduced in next chapter. 

 

Figure 10: Scheme of Aerogel Material (Isolazioni, 2008-2011) 
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1.3.4 Phase change materials (PCM) 
Phase change material (PCM) (Figure 11) is a substance with high heat of fusion which 
has a good ability of storing and releasing large amounts of energy. PCMs are solid at 
room temperature, but after heated, they will liquefy and absorb and store the heat thus 
cooling the buildings. Conversely, when the temperature decreases, the material will 
solidify and release the heat to warm the buildings. Some excellent properties of PCM 
make it desirable for thermal building insulation, such as melting temperature above 
25℃, low cost, non-toxic, non-corrosive, non-hydroscopic, and sufficient quantities.  

 

Figure 11: Scheme of Phase Change Material (Armor, 2009) 

Table 1: Summary of the insulation materials 

Insulation Material Thermal 
conductivity 

(mW/K） 

Density 
(kg/m3) 

Prices 
(US $) 

Mineral wool 
Expanded Polystyrene(EPS) 
Extruded Polystyrene(XPS) 
Cork 
 
Polyurethane(PUR) 
Cellulose 
Vacuum Insulated Panel(VIP) 
Gas-filled Panels(GFP) 
 
 
Aerogel 

30-40 (at 10 ℃) 
30-40 (at 10 ℃) 
30-40 (at 10 ℃) 

45 (at 25 ℃) 
 

35 (at 10 ℃) 
35 (at 10 ℃) 
3-4 (at 10 ℃) 
36.1 for Air 

49.2 for Argon 
86.7 for Krypton 

13-16 at 
atmospheric 

pressure 
 

30-200 
40 

100-150 
120-200 

 
40-60 

24-27.2 
― 
― 
― 
― 
3 

0.5-4.2/Square meter 
 3.5-5.2/Square meter 

1/Square meter 
0.2-2/Piece 

(H-26mm, D-13mm) 
2.2–2.5/Kilogram 

7.18–7.45/Kilogram 
5-28/Square Meter 

― 
― 
― 

75.24/Square Meter 

Source: (Alibaba, 2012); (Thermablok, 2010);  (Foamsales, 2012) 

2 SILICA AEROGEL 
 Aerogel, also called solid smoke, is a synthetic porous material with a lot of remarkable 
properties. Studies for silica aerogel originate from early 1931 by an American scientist 
Steven. S. Kistler who invented the first aerogel material by hydrolysis of sodium silicate 
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and supercritical drying. Then after the seventies of last century, research on aerogels 
developed rapidly, and American Science magazine ever set aerogels as one of the top 
ten popular sciences.  

 

Figure 12: Scheme of Silica Aerogel (Innovolabs, 2009) 

Silica aerogel (Figure 12) is the most common and the most extensively used type of 
aerogel, which is a kind of gel material using gas as dispersion medium. This nano-
porous material is generated through the polymerization between polymer molecules or 
colloidal particles. It has a three-dimensional network structure formed by a series of 
molecules and additionally, both the solid phase and pore structure of silica aerogel are 
based on nanoscale. The distinctive network structure of silica aerogel is shown in 
Figure 13. 

 

Figure 13: The structural Schematic diagram of silica aerogel (Weina.Zhang, 2006) 

2.1 Properties of silica aerogels 
Silica aerogel is a silica-based gel, which has very low weight and also excellent 
thermal insulation performance. Specifically, they has high specific surface area (500-
1200m2/g), high porosity (80-99.8%), low density ( 3 Kg/m3), high thermal insulation (14 
mW/(mK)), ultra-low dielectric constant (k=1.0-2.0) and low index of refraction (~1.05) 
(A.Soleimani Dorcheh, 2008). The dielectric constant is the ratio of the permittivity of a 
substance to the permittivity of free space. It is an expression of the extent to which a 
material concentrates electric flux, and is the electrical equivalent of relative magnetic 
permeability. And the index of refraction can be defined as a measure of the speed of 
light in a substance. Due to these extraordinary properties, in recent years, aerogels 
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have attracted more attention and also have been widely used in variety of 
technological areas such as aerospace, petrochemical, refining, municipal heating etc. 

Silica aerogel shows some unique natures in thermal, optical, electrical, mechanical, 
and acoustic because of its typical structure and high porosity. Table 2 provides an 
overview of the most important physical characteristics of silica aerogels. 

Table 2: Physical properties of silica aerogel 

Property Typical Values                   Comments  
Apparent Density 
Internal Surface Area 
Solids Volume % 
Mean Pore Diameter 
Primary Particle Diameter 
Index of Refraction 
Coefficient of Thermal Expansion 
Dielectric Constant 
Sound Velocity 

0.003-0.35 g/cm3 
600-1000 m2/g 
0.13-15% 
~20nm 
2-5nm 
1.0–1.05 
2.0-4.0× 106 
~1.1 
100m/sec  

Most common density is ~0.1g/cm3 
 
Typically 5% (95% free space) 
As determined BET method 
Determined by electron microscopy 
Very low for a solid material 
Determined using ultrasonic methods 
For density=0.1 g/cm3 
For density=0.07 g/cm3 

Source: Microstructured Materials Group  

2.1.1 Pore structure 
The classification from IUPAC (International Union of Pure and Applied Chemistry) is 
recommended for porous materials: the diameters of pores of porous materials less 
than 2 nm are termed “microspores”; the diameters between 2 nm and 50 nm are 
termed “mesopores”; and those over 50nm in diameter are termed “macrospores”.  
Silica aerogels encompass pores of all the three sizes, but the majority of the pores are 
mesopores with relatively few microspores (Group, 2012). As shown above (Table 1), 
the approximate internal surface areas of silica aerogel are 600~1000  m2/g with an 
average pore diameter of 20 nm, while the pore sizes are between 5 and 100 nm, then the 
porosity of silica aerogels can be up to about 99%. 

2.1.2 Thermal conductivity 
Normally, the temperature range for silica aerogel is -190℃~1200℃. Because of the 
nano-porous structure, silica aerogel material has extremely low thermal conductivity 
values, about 13-16mW/(m ∙ K), at 10 ℃ and at atmospheric pressure (Weina.Zhang, 
2006), lower than thermal conductivity of static air (20mW/(m ∙ K) and silica aerogel 
molecules will not decompose at high temperatures and no harmful gases release. 
Even at 800℃, its thermal conductivity is only 43 mW/(m ∙ K) (Weina.Zhang, 2006). 
Composited with varieties of heat –resistant fiber materials, silica aerogels can also be 
made into different insulation materials, diffusely used in industry, construction, 
plumbing, automotive, aerospace and other fields. 
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2.1.3 Optical properties 
The optical properties of silica aerogel can be well described to be transparent. It has 
strong sharp scattering to Blue-ray and Violet-ray that is why silica aerogel is always 
presented to be light blue.  Besides, since silica aerogel has high porosity and very low 
refractive index (close to 1), then the visible part of sunlight can effectively pass through 
silica samples, and simultaneously some of infrared light among it will also be blocked. 
It is then proved that silica aerogel is an ideal transparent insulation material, and what 
is worth mentioning is that the refractive index is adjustable by changing the density of 
aerogels. 

2.1.4 Acoustic properties 
As shown in Table 1, for density=0.07g/cm3, the sound velocity through the silica aerogel 
material medium is about 100 m/sec (Group, 2012), which is one of the lowest velocities in 
solid materials. But just because of the characteristics of low sound speed, silica aerogels are 
proved to be an ideal acoustic delay or high-temperature acoustic insulation materials, It has a 
variable range of acoustic impedance (103~107kg/m2 ∙ s), and currently be well used as 
acoustic impedance coupling material for ultrasonic detectors, in which the acoustic impedance 
indicates how much sound pressure is generated by the vibration of molecules of a particular 
acoustic medium at a given frequency. 

2.1.5 Catalytic properties 
Since silica aerogels have large specific surface area, high porosity and also are 
connected directly to outside, they become very attractive absorbent, which can be 
used as catalyst carriers with an excellent catalytic performance such as higher 
selectivity and very good time stability. For example, the catalytic activity of the catalyst 
formed by silica aerogels containing Fe2O3 is two to three times higher than ordinary 
Fe2O3 catalytic activity in the synthesis of alkane (Weina.Zhang, 2006).  

2.1.6 Mechanical properties 
Most silica aerogels have very poor mechanical properties (low tension, compression 
and elasticity coefficient) which make aerogel samples are always brittle, soft and fragile. 
These shortcomings, to a large extent, limit the development and application fields of 
silica aerogels. By now, however, efforts have been made to improve the performance 
of silica aerogel, like enhancing their mechanical strength and toughness by adding 
some fibers, or other hard materials to aerogels.  

2.2 Types of silica aerogels 
Silica aerogels can either be hydrophilic or hydrophobic, in the light of the conditions of 
synthesis, where hydrophilic normally refers to a molecule or other molecular entity that 
is attracted to, or tends to be dissolved by water; and hydrophobic means a molecule 
lacking an affinity of water and insoluble in water. The silanol polar groups Si-OH are 
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the main source of hydrophobicity in aerogels because they can facilitate the water 
adsorption ability  

The surface of aerogels synthesized by unmodified hydrolysis and condensation of 
alkylorthosilicates (A.Soleimani Dorcheh, 2008), and then dried by supercritical drying 
process, will basically contain alkoxy (-OR) groups, and those dried by carbon dioxide 
process only consist hydroxyl (-OH) groups. Due to the nature of hydroxyl itself, silica 
aerogels with hydroxyl surfaces always show strong hydrogen-bonding effects and are 
then extremely hygroscopic. They will absorb water vapor directly from wet air. The 
attractions that hydroxyl exerts on water vapor also assimilate liquid water. What’s more, 
when liquid water gets into the nanometer-scale pore, the surface tension of water will 
be strong enough to fracture the solid silica backbone. Then silica aerogels with 
hydroxyl groups are, therefore, classified as “hydrophilic” (Figure 12) (Chemistry, 2012). 
When converting the hydroxyl (-OH) groups, however, into an alkoxy (-OR) group 
before or after supercritical drying, the aerogels can be completely protected from 
breakage by liquid water through eliminating the attractive forces between water and 
silica surfaces (Chemistry, 2012). Silica aerogels generated in this way are classified as 
“hydrophobic” (Figure 14). 

  

Figure 14: Comparison between hydrophilic and hydrophobic aerogels (Chemistry, 2012) 

Currently, almost all the silica aerogel products in use are hydrophobic aerogels. In the 
synthesis process of hydrophobic silica aerogels, the procurers are indispensable 
starting materials which are used as the silica sources. Silica aerogels are processed by 
a variety of precursors， such as hydrophilic precursors, referring to precursors without 
surface chemical modification (Jyotil. Gurav, 2010), hydrophobic precursors and water-
glass as well as Polyethoxydisiloxane (PEDS), etc... In most industrial production, 
Tetramethoxysilane(TEOS) are used as the main source of silica for silica aerogel 
production, but some other cheaper precursors have been applied to substitute the 
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expensive ones, like water-glass, Sodium Silicate (Na2SiO3). Some types and properties 
of silica aerogel synthesis are listed in table 3. 

Table 3: Precursors for silica aerogel synthesis 

Hydrophilic precursors  Hydrophobic precursors 
Tetramethoxysilane (TMOS) 
Tetraethoxysilane (TEOS) 
Sodium Silicate 
  (1) Aerogels-high optical transmission 

(2) Density<0.1(g/cm3) 
 (3) Hard & Brittle 

 Methyltrimethoxysilane (MTMS) 
 

Methyltriethoxysilane (MTES)    
(1) Aerogels-opaque  
(2) Density>0.1(g/cm3) 

  (3) Soft and flexible 
Source: (Jyotil. Gurav, 2010) 

2.3 Synthesis  
Generally, silica aerogels can be synthesized by both physical methods (mechanical 
milling method) and chemical methods (including sol-gel method, the pyrolysis of 
organometallic oxide method and solvent precipitation method etc.). Among these, sol-
gel processing is a very popular and reliable method for the synthesis of silica aerogels. 
Sol-gel process means that the metal organic or inorganic compounds hydrolyze in 
solution (usually organic solvents) first, shrinking to the sol solution, and then get the gel 
through heating the sol solution to remove the solvent. Normally, we use the acid, alkali 
or neutral salt as a catalyst to catalyze the hydrolysis and condensation of the 
precursors. 

The synthesis of silica aerogels can be divided into sol-gel polymerization, aging and 
drying three steps. The technological process of silica aerogels is as follow: 

 

 

 

 

 

Figure 15: The technological process of silica aerogels by sol-gel method 

2.3.1 Sol-gel polymerization 
Sol-gel process use different silicon alkoxide (such as Tetramethoxysilane (TEOS) or 
Tetramethoxysilane (TMOS) ) as precursor, but the price for TMOS is 5 times higher 
than TEOS and TMOS is toxic and will cause blindness, so TEOS has become the main 
precursor in sol-gel processing (Jyotil. Gurav, 2010). However, some other cheaper 
precursors like water-glass, Sodium Silicate (Na2SiO3) are also applied to the synthesis 

alkoxide 

Sol-gel 
polymerization 

aging drying 

solvent 

catalystst 
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process. The gel is obtained by the precursor and by addition of catalyst. After a series 
of hydrolysis and condensation reactions, gelation is occurred. The reaction mechanism 
is as below: 

Hydrolysis: 
                                                            (1) 

 
Dehydration condensation: 

 

                                       (2) 
 

Further condensation into grid gels: 

                        (3) 

Much more multi-component inorganic oxide aerogels can be derived by adding some 
other precursors. 

Besides, by controlling the amount of catalyst in the reaction (i.e. the PH of the solution), 
the relative rate of hydrolysis and polycondensation reaction in sol-gel process can be 
dominated to obtain ultimately different structure of aerogels. 

2.3.2 Aging 
 After the formation of the gel, the gel particles and gel clusters in solution continue 
to aggregating to extend to the entire gel network, which is called the aging of gels 
(as shown in Figure 16). In addition, all the polycondensation reactions for gel 
formation will still proceed, especially between the recesses of gel surface and fine 
grid. The ultimate effect of the aging process is to get thicker and slippery gel 
network so that to mechanically reinforce the vulnerable solid skeleton generated 
during the sol-gel process. 
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(a)                                    (b)                                  (c) 

Figure 16: The aging process of the gel 

(a) Initial gel network, composed by colloidal particles. (b) Merging between the 
colloidal particles. 

(c) Further aging (Weina.Zhang, 2006) 

2.3.3 Drying 
The process of removing the solvents (mainly alcohols, some water and catalyst) 
around the solid-state skeleton of alcohol gel from the gel is called drying. During the 
conventional drying process, cracking of the gel space network occurs because the 
evaporation of solvent is always accompanied by volumetric shrinkage and the gas-
liquid interface in aerogels will lead to the formation of meniscus in pores with the 
shrinkage of aerogels. The surface tension on the meniscus then causes the 
cracking of pore structure of gels. The operating drying methods include: 
supercritical drying, ambient pressure drying as well as freezing drying.  

2.3.3.1 Supercritical drying of Alcogel 
As already known, during the drying process of silica aerogels, gel cracking is the result 
of capillary pressure. Supercritical (supercritical region of substances shown in Figure 
17) drying technique is one of the most effective ways to prevent the gel cracking in the 
drying process.  
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Figure 17: Pressure-temperature correlation for 

Solid-liquid-vapor phase equilibrium diagram (Jyotil. Gurav, 2010) 

If the organic solvent or water of silica aerogel is heated and pressurized to above the 
critical temperature and critical pressure,  the gas-liquid interface in the system a will 
then disappear and also the capillary pressure in the gel will not exist either. Therefore, 
it is prerequisite to apply Supercritical Drying Technique in the drying of aerogels: 
specifically, replace the solvent of alcohol gel in high-pressure container by some drying 
medium, and then adjust the temperature and pressure (The critical parameters of 
some drying medium are shown in Table 4) in supercritical drying units to get the critical 
conditions (critical temperature and pressure) of the drying medium. At this time, both 
the gas-liquid interface and surface tension will disappear. Under this precondition, the 
volumetric shrinkage and cracking of aerogels caused by the surface tension of the 
solvent can be effectively avoided and then obtain the aerogels maintain its original gel 
shape and structure. 

Table 4: The critical parameter of some drying medium 

Drying medium Boiling point  
(℃) 

Critical Temp 
       (℃) 

Critical pressure     
      ×PH 

Carbon dioxide 
Ammonia 

    -78.5 
    -33.4 

31.1 
135.2 

72.9 
113.3 

Methanol       64.6  239.4 79.9 
Ethanol       78.3 243.0 63.0 
Benzene       80.1 288.9 48.3 
Isopropanol       82.2 235.1 47.0 
Propanol       97.2 263.5 51.0 
Water       100.0 374.1 217.6 
Methane 
Ethane 
Propane 

-164.0 
      88.0 

-44.5 

     -83.0 
32.4 
97.0 

4.60 
4.89 
4.26 

Ethylene 
Propylene 
Ether 

-103.7 
-47.7 
 34.6 

9.5 
92.0 
193.6 

5.07 
4.67 
3.68 

Source: (Hu Huikang, 2002) 
 
There are two different specific methods of supercritical drying: high temperature 
(HTSCD) and low temperature (LTSCD). 
 
1) High-Temperature Supercritical Drying (HTSCD) 

Most organic solvents have relatively high critical temperatures of 300-600℃ and critical 
pressures of 50-100 atm (Nanotech, 2009). Therefore, high-temperature supercritical 
drying becomes the best choice of drying the silica aerogel. But in the high-temperature 
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supercritical drying, some special safety precautions are needed due to the flammability 
and explosivity of the solvents. And this method was first applied by Kistler in 1931 and 
now is still widely used for synthesis of silica aerogels (A.Soleimani Dorcheh, 2008). In 
this case, during the process of supercritical drying of silica aerogels, methanol is 
always chosen as the solvent. When getting to its critical point, there will be the reaction 
between methanol and hydroxyl groups on the surface of the gel’s solid skeleton to form 
methoxy groups, which help for the hydrophobic property of aerogels to minimize the 
shrinkage of the gel and also explains the superiority of high-temperature supercritical 
drying technique simultaneously. 

However, it is worth mentioning that HTSCD method is not desirable for the synthesis of 
all aerogels. For example, some certain aerogels like organic polymer aerogels 
(Nanotech, 2009), will decompose at temperature which is the supercritical temperature 
for most organic solvents. 

2) Low-temperature Supercritical Drying (LTSCD) 

An alternative drying methods put forward by Tewari et al in 1985 (A.Soleimani Dorcheh, 
2008) is low-temperature supercritical drying. LTSCD can be implemented at a low 
temperature (<40℃) and moderate pressure (< 80 bar) (A.Soleimani Dorcheh, 2008). In 
this process, a safer, non-flammable solvent―liquid carbon dioxide is used which has a 
much lower critical temperature (31.1℃) than other organic solvents (Nanotech, 2009). 
But there may be still slight shrinkage (usually 5%) in low-temperature supercritical 
drying (Nanotech, 2009), because the liquid molecules of two liquids in a mixture have 
better interactions and are also closer than molecules in either of the liquids separately. 

2.3.3.2 Ambient Pressure Drying (APD) 
Obviously, supercritical drying technique is more dangerous, complex and expensive, 
and it has higher requirements on equipment as well as more demanding requirements 
on the various parameters and conditions, thus limiting the large-scale production and 
application of aerogels. But compared to SCD, the ambient pressure drying has simple 
requirements on experimental equipment, and small energy consumption as well as 
easy-controlled test parameters and conditions. Due to the low cost of ambient pressure 
drying, it is conductive for the commercial production.  But because of the technical 
difficulties of ambient pressure drying, there are not many studies currently on this 
method in various countries. At present, silica aerogels always use the most common 
sol-gel synthetic method to select the optimal preparation conditions. And then the best 
structure of silica aerogels, the surface modification method as well as modification 
reagent can be selected by the precursor method so that finally to produce good silica 
aerogels under these optimal conditions by ambient pressure drying. 
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2.3.3.3 Freezing Drying 
Another drying method works by freezing the material and then reducing the 
surrounding pressure to make the frozen water in the material to sublimate directly from 
the solid phase to the gas phase so that the phase boundary between the gas and liquid 
phase does not exist. And then the capillary force has no effect on appearance of the 
shrinkage and cracking on aerogels. It comprises four steps of pretreatment, freezing, 
primary drying, and secondary drying. But freezing drying have too many drawbacks 
that the aging period need to be prolonged to stabilize the network of gels and 
sometimes, the network even may be damaged by the crystallization of the solvent 
(A.Soleimani Dorcheh, 2008). 

2.4 Applications of silica aerogels 
Silica aerogels have some remarkable properties which make them extensively used in 
various industries and fields as briefly discussed below. 

2.4.1  Aerogels as Thermal Insulators 
As mentioned before, silica aerogel has very low thermal conductivity (13-16 mW/(mK)) 
and good thermal stability. And, air convection in pores of aerogel can also be 
prevented due to its extremely high porosity, which makes silica aerogel become a very 
economical and practical insulation material used in different industries and areas:  

1) In building, refrigerators and windows 

Silica aerogels are excellent insulation materials because of its super low thermal 
conductivity and good thermal stability which can be well used for insulation windows 
when adding special silica aerogels in the double glazing of the window (Figure 18(c)). 
And its high transmittance can effectively prevent the thermal radiation of the ambient 
temperature, thus playing a good role in both energy-saving and insulation. Further, it 
can be as the thermal and acoustic insulation materials in buildings (Figure 18(a)) as 
well as refrigerators (Figure 18(b)). Silica aerogel can withstand high temperature and 
then avoid unnecessary fires caused by the combustion of the materials at high 
temperature. 

                                                          

               (a)                                          (b)                                           (c)  



30 

 

Figure 18: Insulations of Silica Aerogels 

(a) Insulations in buildings (Griswold, 2010); (b) Insulations in refrigerators (Rubicon, 
2012); (c) Insulations in windows (Nano High-Tech Co., 2008)                             

2) In Space  

Silica aerogels has a promising prospect of applying in the aerospace field attributed to 
its super-insulation properties. The aluminum silicate refractory fiber / silica aerogel 
composite, developed by NASA Ames Research Center (U.S), has now been used in 
spacecraft. And Russian “Mir” space station also uses silica aerogels as insulation 
materials, and they are also used to Mars rover (Figure 19). 

 

Figure 19: Aerogels as insulations in Mars rover (TopNews.in, 2011) 

3) In industrials 

In the petroleum, chemical and metallurgical industries, silica aerogel and its composite 
materials, instead of the conventional insulations, are widespread in pipes (Figure 
20(a)), furnaces and other thermal devices for insulation, which can largely reduce the 
heat loss and improve the utilization of thermal energy. Besides, it can also be used as 
insulation materials of engines (Figure 20(b)) as well as exhaust pipes in vehicles and 
aircrafts, etc. 

                                                   

(a) Insulations in pipes                                       (b) Insulations of engines in vehicles  

(SpeedWrap, 2012)                                                  (Aerogels, 2000-2012) 
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                                              Figure 20: Insulations of Silica Aerogels 

4) In clothing, apparel and blankets 

As an insulation material, silica aerogel is also available in some other aspects except 
for buildings, industries. They have different formulations designed for use in cryogenics, 
high-temperatures, even in winter clothing (Nanotech, 2009) (Figure 21(b)).  Aerogel 
blankets (Figure 21(a)) have appeared in commercial applications since 2000 (Jyotil. 
Gurav, 2010) , which have two to four times the insulating value per inch compared to 
fiberglass or foam. A product Spaceloft from Aspen Aerogels is a cheap and flexible 
blanket embedded a thin layer of aerogel directly into the fabric. 

                                        

Insulations in blankets                                             (b) Insulations in clothing 

(ttnet.net, 2012)                                                             (KOLDSMOKE, 2010) 

Figure 21: Insulations of Silica Aerogels 

2.4.2 Aerogels as catalyst 
Owning to the properties of large surface area, extremely high porosity and connection 
with outside, silica aerogels have great potential of catalytic properties and can be used 
as a catalyst or a catalyst carrier. And silica aerogel catalyst has higher selectivity and 
excellent time stability. In the case of oxidation process with H2O2  and PMIDA, the 
catalyst of  WO3 − Al2O3 − SiO2 aerogel shows a high catalytic performance (Fricke, 
1985). 

Moreover, silica aerogels can also be used as adsorbent, such as room-temperature-
gas scavengers for the adsorption of carbon dioxide, sulfur dioxide and other gases in 
fuel gases, or used for the treatment of wastewater and radioactive waste. 

2.4.3 Aerogels as Energy Absorbers 
Silica aerogels have poor mechanical properties, embodied in very low tension, 
compression and elasticity coefficients, which, however, can all be greatly improved 
through the aging process. When reducing the fracture stiffness, both the compressive 
force and the elasticity coefficient will also increase accordingly. All these properties 
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make silica aerogel a great material in shock absorbers for absorbing the kinetic energy 
(R.Vacher, 1998). 

2.4.4 Aerogels as Electrode material 
Silica aerogels have the dielectric constant of approximate 1.1, the lowest in solid 
materials, and it can also be adjusted between 1 and to 2. Then aerogels are often used 
as electrode materials for electrochemical analysis. In addition, its resistivity is as low as 
10−3~10−2  Ω∙ m (Weina.Zhang, 2006), which makes them used for producing special 
large capacitance, high power density, high energy density double-layer electrochemical 
capacitors. 

2.4.5 Aerogels as Acoustic impedance coupling materials 
Sound transmission through aerogels mainly depends on the gas porosity. However, 
the low density and special pore structure of silica aerogels cause huge energy losses 
when disseminating from gas phase to solid phase medium, thus reducing the 
amplitude and speed of sound wave. The longitudinal speed of sound is 100 m/s (Fricke, 
1991), which is the lowest propagation velocity in solid materials. The acoustic 
impedance Z can be expressed as: 

                                                    Z=ρ ∙ C                                                            (4) 
Where,  ρ is the aerogel density (g/cm3) 
             C is aerogel sound speed (m/s) 
Z can be controlled by controlling ρ , which implies a variable range of acoustic 
impedance, thus silica aerogels is an ideal acoustic impedance coupling material, which 
can be used for flooring decoration materials of the house. In addition, it is also an 
acoustic delay and high-temperature insulation materials which can be used in solar 
noise incubator (Hrubesh, 1998). 

2.4.6 Aerogels used for capturing space dust 
Since silica aerogels has a series of attractive properties including light weight, 
transparency, large surface area, low thermal conductivity and strong resistance to 
magnetic and ultraviolet radiation, it can be promoted into space easily without getting 
corrosions from other particle, and then locating those high-speed particles in space 
accurately. For now silica aerogels have become an irreplaceable material in the space.  

Silica aerogels have ever been used in “Create the Mars” mission, and the collected 
aerogel particles can also be used to protect the space mirror (R.Vacher, 1998). And 
U.S. massive silicon skynet has really good ability to capture space dust. 

2.4.7 Aerogels in broadband millimeter-wave planar antennas 
Silica aerogels are low dielectric constant (~1.1 for density=0.1g/cm3) materials that are 
rigid and strong.  Besides, silica aerogels contain about 5% silica and 95% free space 
so that they can endure high temperatures and have high resistance to UV breakdown. 
These make them very attractive for use as thick, low-permittivity substrates in a 
broadband millimeter-wave or used with microstrip antennas (Nikolic, 1998). 
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2.4.8 Others 
Silica aerogel can be used to storage nuclear waste, which had been proposed for the 
storage of longevous actinide wastes due to their chemically stable and large pore 
volume (Rigacci, 2011). Silica aerogels can also be used as a harmless agricultural 
pesticide. During the storage of cereals, aerogel powder can absorb the fat layer of the 
insect with its large surface area, so that the insects will die from lacking of water. In 
addition, silica aerogels are also used as a deodorant in the cosmetics. Table 5 below 
summarized some common applications of silica aerogel. 

Table 5: Identification of aerogel properties and features, with their applications 

Properties Features Applications  
Thermal conductivity 
 
 
 
 
Density/porosity 
 
 
 
 
 
 
Optical       
 
 
 
 
 
Acoustic    
 
 
Mechanical 
 
 
Electrical 
                                                              

Best insulating solid 
High temperature 
 
 
 
Lightest synthetic 
solid 
High specific surf. 
Area 
Multiple 
compositions 
 
Low refractive index 
solid  
Transparent 
Multiple 
compositions 
 
Lowest sound 
speed 
 
Elastic 
Light weight 
 
Lowest dielectric 
constant 
High dielectric 
strength 

Architectural and appliance insulation, 
portable coolers, transport vehicles, pipes, 
cryogenic, skylights 
Space vehicles and probes, casting molds 
 
Catalyst, absorbents, sensors, fuel 
storage, ion exchange 
Targets for ICE, X-ray lasers 
 
 
 
 
Cherenkov detectors, lightweight optics, 
light guides, special effect optics 
 
 
 
 
Impedance matchers for transducers, 
range finders, speakers 
 
Energy absorber, hypervelocity particle 
trap 
 
Dielectrics for ICs, spacers for vacuum 
electrodes, vacuum display spacers, 
capacitor 

Source: (Hrubesh, 1998) 

2.5 Some silica aerogel commercial products 
Since 1990s, people have put more and more deep research on the silica aerogels, 
including overcoming its expensive preparation costs and improving the low intensity 
and high brittleness. Nowadays, silica aerogel material has been used in a variety of 
fields. And with the rapid development of silica aerogel industry, more and more 
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different commercial types of silica aerogel products have been developed around the 
world.  Some manufactures of silica aerogel and product details are demonstrated in 
Table 6: 

Table 6: Manufactures of silica aerogel and product details 

Company Country    Product Applications  
Cabot 
 
 
 
 
 
Scobalit 
 
 
 
Aspen Aerogels  
 
 
 
 
 
 
 
Marketech 
 
 
 
Airglass AB 
 
Svenska Aerogel AB 

U.S                                 
 
 
 
 
 
Germany 
 
 
 
U.S 
 
 
 
 
 
 
 
U.S 
 
 
 
Sweden 
 
Sweden 

Nanogel® 
aerogel 
   
 
    
 
Scobathern 
Nanogel   
 

 
Pyrogel® 
XT 

Pyrogel® 
XTF 
Cryogel® Z 
                    
 
 
Aerogels 
 
 
 
Airglass 
 
Quartzene™ 

Architectural daylighting, oil and gas 
pipelines, coatings for formulations, 
industrial and cryogenic plants and 
vessels, building insulation, outdoor 
gear and apparel 
 
Glazing for industrial buildings, roofs 
and facades, daylighting and 
insulation 
 
Industrial applications like refineries, 
petrochemical and gas process 
Fire protection in below-ambient 
applications in the oil and gas 
processing industry (LNG, LPG, 
ethylene, etc.) and industrial 
appliances 
 
Atomic particle detectors, super 
insulation for aerospace applications, 
insulate the Mars rover 
 
Window insulation, fire protection 
 
Insulation, dehumidification, filtering 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

3 THERMAL CONDUCTIVITY MEASUREMENT  
Thermal properties (thermal conductivity, thermal diffusivity and specific heat capacity) 
are the most important and noteworthy properties of thermal insulation materials, in 
which thermal conductivity is a critical indicator for the performance of an insulation 
material. The lower the thermal conductivity is, the better the insulation performance. 
Many different methods are available for measuring the thermal conductivity of 
insulation materials, including transient method and steady-state method, and each of 
them has different particularities depending on the thermal properties of sample 
materials and the medium temperature. Some concise description of these methods is 
introduced in the following texts.  

http://www.aerogel.com/markets/Cryogel_Z_LNG.html�
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3.1 Transient Method  
The transient method means the measurements are performed during the process of 
heating up and obviously with time-dependent heat transfer. The advantage is that the 
measurement can be made relatively quickly. And here two transient methods are 
introduced: 

3.1.1 Transient Plane Source (TPS) 
Transient plane source technique, also called hot-disk method, is a device designed for 
measuring thermal properties of materials accurately and both thermal conductivity and 
thermal diffusivity can be measured by means of TPS. The sensor in TPS device is an 
electricity-conducting thin nickel foil (10 μm  thick) in forms of double spiral (O. 
ALMANZA, 2003) (Figure 22(b)), sandwiched between two halves of the sample (Figure 
22(a)). A constant and stable electrical power is supplied to the TPS sensor. The sensor 
is used to increase the temperature of the sample and simultaneously to record the 
increase of time-dependent temperature. During the pre-set time, 200 resistance points 
of the sensor are taken to get the relation between the increase of temperature (∆T(t)) 
and the variation of the sensor resistance (∆R(t)) (Al-Ajlan, 2006).The resistance can be 
expressed as: 

                                                R (t) = R0[1+α∆Tτ�����]                                                           (5) 

Where: R0 is the initial resistance of the hot disk  α is the temperature coefficient of 
resistance of the nickel foil and ∆Tτ is the temperature increase of the sensor in terms of 
the variable which can be expressed as:  

                                            τ = �t
θ� �

1
2�       ,     θ = a2

k�                                          (6)                    

Where t is the measurement time, andθ is the characteristic time depending on the 
sensor radius a and the thermal diffusivity of the sample k. 

                                                                    k = λ/ρcp                                                                (7) 

Where λ is the thermal conductivity of the sample, ρ is the density of the sample and cp 
is the sample specific heat.  
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(a) A schematic diagram of TPS                                        (b) Diagram of a TPS sensor 

(Al-Ajlan, 2006)                                                        (O. ALMANZA, 2003) 

Figure 22: Schema of TPS experiment device 

TPS has a wide range of conductivity measurement, between 0.03 and 500 W/mK (Al-
Ajlan, 2006), since a few parameters like power output, measuring time and sensor size 
can be adjusted to optimize the experiment equipment. And this is also one of the main 
advantages of TPS besides the accuracy. And it can produce results in a relatively very 
short time (10s to 10 min) and can also be used in various sample types by applying 
different sensor sizes (Al-Ajlan, 2006). Moreover, the sample sizes used in TPS are 
usually much smaller than those used in other measurement methods.  
The thermal conductivity of low-density polyethylene foams has been measured by TPS 
method with a sample of 30cm side and 11mm thick. This experiment was implemented 
at 24 ℃ and an output power of 0.02 W, by using an R-6.403mm sensor. And the time 
lapse between each reading is 20 min (O. ALMANZA, 2003). Another example by using 
TPS method is to measure the thermal conductivity of aluminum foam with an applied 
power of 0.4 W. The measurement time is 18-40s with a sensor with 9.7 mm radius (E. 
Solórzano, 2008). Besides, some other highly porous building materials such as molded 
polystyrene, extruded polystyrene, rock wool etc. can also be measured by TPS method 
for measuring their thermal conductivities.  It has been proved that TPS technique 
seems to be a powerful technique for studies of the thermal conductivity and thermal 
diffusivity of insulating materials with high accuracy. 

3.1.2 Transient Hot Strip method (THS) 
 
The transient hot strip method is used to measure the thermal conductivity of aerogels 
as well as its composite insulation materials with various densities. The experimental 
device is shown in Figure 23. A hot strip is inserted between two identical sample plates. 
The power will supply stable current to the hot strip, and the temperature increase rate 
of the hot strip is determined by the thermal conductivity of the sample materials. There 
is a specially-designed equipment-vacuum furnace which consists of a vacuum system 
and electric furnace for this experiment for controlling the pressure and temperature 
during the thermal conductivity measuring process.  
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Figure 23:  Schema of Transient Hot Strip method device (Gaosheng Wei, 2010) 

And then the thermal conductivity of the samples can be calculated by equation (x) 

                                                  k = P0/(4π)/[dT(t)/dln(t)]                                     (10) 

Where P0 is the power output for the strip, t is the time, and dT (t)/d ln (t) is the slope of 
the measured temperature rise vs. time evolution in logarithmical scale.  

Transient hot strip method are precise in the measurement of thermal conductivities of 
silica aerogels and also the composite in a wide range of temperature (300-970K) and 
pressure (0.045 Pa to atmospheric pressure) (Gaosheng Wei, 2011). But the 
temperature measurement and the stability of the input power may have some influence 
on the uncertainty of the whole experiment. 

The thermal conductivity of silica aerogels and its composite insulation materials can be 
measured by THS method by using a 2.0 mm (width) ×0.1 mm (thickness) nickel-
chrome strip and a standard resistanceRs = 1Ω. It can be verified that the thermal 
conductivity of sample materials increases with the rise of temperature, and also 
significantly decrease with the drop of pressure and approach to a constant value until 
pressure less than 104 Pa (Gaosheng Wei, 2011). Also the nano-structure as well as 
the high specific surface area is the main factor for the low thermal conductivity of 
aerogels. 

3.2 Steady-state Methods 
As the name suggested, steady-state measurement techniques are performed when the 
temperature of the material measured doesn’t not change with time. Steady-state 
implies constant signals in the test process. And it includes the following several 
methods: 
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3.2.1 Guarded comparative longitudinal heat flow 
Except for the TPS method, guarded comparative longitudinal heat flow is another most 
widely used method for the thermal conductivity measurement which can be operated 
over a temperature range of 300K to 1200K (Colby Jensen, 2011).  This method is a 
comparative method requiring a reference material with known thermal conductivity 
(Figure 24). A test sample is inserted between two similar   specimens of known thermal 
conductivities. Thus a temperature gradient is established while fixing a heater on the 
top of the whole setup and a heat sink at the bottom. The guards in both outsides of the 
specimens are used to reduce the heat loss from the heat transfer by edges. Also, the 
two sick insulations next to samples help to guarantee a strictly uniform one-
dimensional vertical heat flow of the samples. Once the temperature gets equilibrium, 
the thermal conductivity is derived in terms of the measured temperature gradients. 

 

Figure 24: schematic diagram of guarded comparative longitudinal heat flow (Colby 
Jensen, 2011) 

3.2.2 Thin-film-heater meter 
Thin-film-heater meter is an apparatus developed for measuring the thermal 
conductivity under steady conditions. As can be seen in Figure 25, the apparatus for 
thin-film heater thermal conductivity method is composed of a 10 nm gold thin-film 
heater, two copper cold plates in the top and bottom sides of the sample. And two 
sample plates are inserted between the center heater and the cold plates. The 
temperature of the cold plates is maintained by the circulating water for example a 
Neslab RET 110 temperature control bath (J.S.Q. ZENG, 1996). And in the real 
implementation, all these experimental elements are mounted inside a vacuum chamber 
which is connect to the electrical and coolant conduits, and the gas pressures in this 
system can range from less than 1 Torr (1 Torr≈133.322Pa) to ambient during the 
measuring process (J.S.Q. ZENG, 1996). There are four type E thermocouples 
arranged between the cold plates and samples, as well as between the samples and 
the heaters separately. As other methods, this method also has uniform one-
dimensional heat transfer and thus the total thermal conductivity of the sample can be 
get by the equation (8) and (9): 
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                                                                 k = �Q
2F
� ∙ δ

∆T
= (IV/2F) ∙ δ/∆T                                      (8) 

 
                                                         ∆T = Theater − Tplate                                             (9) 
Where, F is the heater area [cm2], Q is the heating power of heater[W], I is the electric 
current [A], and δ is the thickness of the test sample [cm]. 

 
Figure 25: Scheme of Thin-film-heater meter method experimental device (J.S.Q. ZENG, 

1996)  

3.2.3 Three omega 
The 3ω technique is originally used to measurement the thermal conductivity of bulk 
solids over a wide temperature range. In this case, it is applied to test the thermal 
conductivity of thin-film silica aerogel film. This experiment is implemented by 
measuring an amorphous quartz substrate adhered directly to the wire pattern. As 
shown below, the experiment requires a thin metal wire to be adhered to the sample, 
and this metal line can serve as both an AC heat source and as a thermometer (M.L. 
Bauer, 2011). A digital lock-in amplifier is used here to generate the sinusoidal current. 
The heater is driven by a sinusoidal current at “1ω” frequency, and then it causes the 
Joule heating at “2ω ” frequency as well as a temperature fluctuation at 2ω . The 
temperature fluctuation leads to an undulation of the electrical resistance of the heater, 
also at 2ω. At last, the current and resistance together contribute to a voltage at 3ω, due 
to the mixing of sinusoids at different frequencies (as shown in Figure 26(b)). Then the 
3ω voltage will be used to extract the thermal conductivity of the sample. 
The 3ω technique was advantageous for this study due to its sensitivity to individual 
layers in multilayer structures, high accuracy and repeatability, and its ability to 
eliminate convective as well as radioactive error (M.L. Bauer, 2011).  
Through three-omega technique, the ultra-low thermal conductivity of silica aerogel films 
can be measured at specific temperature of 295K and a pressure between 0.1 and 1 Pa. 
And by applying three-omega method, the lowest aerogel thermal conductivity was 
obtained of 0.24 W/(m∙ K) (M.L. Bauer, 2011). 
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(a) Schematic demonstrating heat flow in               (b) Schematic of 3ω experimental 

a test sample (M.L. Bauer, 2011)                                        layout (L.Lu, u.d.) 

Figure 26: Schema of Three Omega method experimental device 

3.2.4 Three layer method 
A new transient method named “Three Layer Method” is introduced here to measure the 
thermal conductivity of low-density insulating materials. The experimental equipment 
consists of a cylindrical sample material sandwiched between two brass discs with the 
same thickness and radius. The heating element is just attached on the brass discs, 
and it also has the same radius as both the discs and insulating materials. The 
temperatures are recorded by the two K type thermocouples welded on the external 
face of each brass disc. After the brass discs next to the heating element being heated, 
a heat flux transfers through the discs and specimen. As shown in Figure x, Tb1(t) and 
Tb2(t) of the brass discs are recorded and used to estimate the thermal conductivity of 
the sample material inserted between the two brass discs by the equation below: 

πR2e1ρbcb
∂Tb1
∂t

= ϕ0(t)πR2 − h1πR2Tb1 − 2h3πRe1Tb1 + � 2πrdrλs
R

0
e
∂T(r, 0)
∂z

           (11) 

Where e1,ρb, cb are respectively the thickness, density and specific heat of the sample; 
ϕ0 is the Laplace transform of the heat flux density; h1 = h3 , is the convection heat 
transfer coefficient; and λs is the thermal conductivity of the sample.  

             

(1) Schema of Three Layer Method                 (2) Experimental schema of a three 
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 Experimental device (Y. Jannot, 2009)                  layer device (Y. Jannot, 2009) 

Figure 27: Schema of Three Layer Method Experiment 

In the thermal conductivity measurement methods of low-density materials, this method 
has absolute advantages over other conventional methods: 

1) The measurements of the temperature are more accurate since the heavy 
conductivity of brass. 

2) This method put the thermal capacity of the two brass discs into consideration which 
have been measured precisely. 

3) The insulation material on the outer side of the equipment largely guarantees the 
uniformity of one-dimensional heat flow. 

4) This method is not sensitive to the heat transfer on the heated face. 

3.2.5 Miniature heat flow sensors method 
Miniature heat flow sensors method is another simple steady-state method for the 
measurement of thermal conductivities of thermal insulating materials. The core part of 
this method is the application of the miniature heat flow sensor. Usually, it is applied in 
small size specimens (typically 12mm thickness× 50 mm diameter) (Dickson, 1973) so 
that to realize a rapid approach to thermal equilibrium. 

The apparatus used in miniature heat flow sensors method is shown as Figure 28. The 
test specimen is inserted between a heater and a water-cold brass plate, while the 
sensor is attached to the center of the cold plate. When the temperature of hot plate is 
not over 200  ℃ (Dickson, 1973), then another sensor will be attached to the center of 
hot plate to check the uniformity of heat flow through the sample. The temperature 
difference of the specimen can be measured by thermocouple fixed on them. And this 
experiment is implemented under the assumption of ignoring the temperature difference 
across the small air gap that may be caused by the uneven surface between the 
specimen and plate, since air also has a high thermal resistance.  
The advantages of miniature heat flow sensor method are that it is very simple and 
relatively rapid measuring method which have been proved to be very useful for quality 
control and material selection  
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Figure 28: Schema of miniature heat flow sensor method (Dickson, 1973) 

 

3.2.6 Guarded Hot Plate method 
The guarded hot plate method, different from other methods, is for the direct heat flow 
through the sample, which helps to minimize the heat transfer with other surrounding 
materials. The apparatus is composed of an aluminum guard with a foil heater mounted 
on, and a copper plate consisting of a thick copper plate and a hot plate constituted by 
two copper plates bolted on either side of the foil heat. The copper here provides a 
nearly uniform temperature across the surface of the sample.  

As shown in Figure 29, the heat flux transfers in an axial direction through the insulation 
samples, so the thickness and surface area of the samples must be accurately 
measured. When a known heat flux transfers to the hot plate, the temperature gradient 
of the sample can be obtained. And then its thermal conductivity can be calculated by 
equation: 

                                                           k =
Ql

A∆T
                                                                               (12) 

Where Q is the known heat flux, l is the sample thickness, A is the surface area of the 
sample, and ∆T is the temperature difference between both sides of the sample. 

 

Figure 29: Schematic diagram of the structure of the guarded-hot-plate apparatus 
(Sciver, 2010) 
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3.2.7 A Centered hot plate method 
A centered hot plate method is a very new method for the thermal conductivity 
measurement of small sample materials since most measuring methods are not 
available for measuring the very thin and super-insulating materials, particularly with 
very low density. In this method, the thermal conductivity of materials can be estimated 
precisely and with very simple elements. The experiment is with the following device 
(Figure 30 (1)):  

                                

(1) Schema of the experimental device                     (2) Schema of the model system 

                 (Y Jannot, 2009)                                                   (Y Jannot, 2009) 

Figure 30: Schema of the experiment of Centered hot plate method 

A heating element, with a thickness of x1, is sandwiched between two same insulating 
sample films. The samples have the thickness of  x0 and also cross section area of S 
that is identical to the heating elements. There are two isothermal aluminum blocks with 
a thickness of H and the same cross section area S. And some tightening device is 
fixed between these two aluminum blocks for both the pressure control and the 
thickness measurement. When the samples are heated, the center temperatures of the 
aluminum block Tb and the heating samples T can be recorded by the two 
thermocouples fixed at the center of the aluminum block and heating element 
separately. This experiment process can be realized under the assumptions of (1) the 
temperature of unheated surface of the samples remains constant; and (2) the heat flux 
transfers in strictly one-dimensional vertical direction; (3) the sample is opaque; (4) the 
thermal resistance of heating element is negligible compared to the sample thermal 
resistance. And then the thermal conductivity of the samples λ can be realized through 
the equations: 

                                                 −λ
∂T(x, b, z, t)

∂y
= h[T(x, b, z, t) − Ti]                                         (13) 

                                               −λ
∂T(x, d, z, t)

∂y
= h[T(x, d, z, t) − Ti]                                           (14) 
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                                                              T(x, d, e, t) = Ti                                                                     (15) 

                                           
∅0
2

=
1
2
ρhehch

∂T(x, y, 0, t)
∂t

− λ
∂T(x, y, 0, t)

∂t
                                  (16) 

Where, λ  is the thermal conductivity of sample ( W ∙ (m ∙ K)−1 ); e, 2b and 2d are 
respectively the thickness, the width and the length (m) of the two samples (Figure 
30(2)). ρh, eh and ch  are respectively the density (Kg/ m3 ), the thickness (m) of the 
heating element and the specific heat (J/ (Kg∙ K)); h is the convective heat transfer 
coefficient (W/(m2 ∙ K)) and ∅0 is the heat flux density (W/m2) produced in the heating 
element. 

3.2.8 Combined Guarded-Hot-Plate and Heat Flow Meter Method 
A new Combined Guarded-Hot-Plate and Heat Flow Meter method is designed for 
measuring the absolute thermal properties of insulation materials with moderate thermal 
conductivity (up to~10 W/mK) (Akhan Tleoubaev, u.d.). And the measuring accuracy 
can be largely improved by the combination method of these two traditional steady-state 
methods. The experimental equipment consists of a guarded heater with known surface 
area A and placed between two samples of different thickness(x1 and x2). This guarded 
flat heater provides the total heat flux through the samples. Two heat flow meters next 
to two different-size samples separately will give information about the heat flux 
assigned to each of the two samples(Q1 and Q2) . It is noteworthy that the surface 
temperatures of the samples are not equal to the temperatures of either the heaters or 
the plates due to the thermal contact resistance 2R. The center heater provides the 
output power W to the guarded heater controlled by the zero heat flow meter. The two 
upper and lower isothermal plates are made of red copper. And the thick insulations on 
both sides are used to ensure that we have a strictly uniform one-dimensional vertical 
heat flow of the samples (Figure 31). 
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Figure 31: Schematic diagram of the Guarded-Hot-Plate and Heat Flow Meter Method 
system (Akhan Tleoubaev, u.d.) 

As first, the two heat flow meters must be calibrated by two identical samples (material 
and thickness) to make sure the heat flow meter signals Q1s and Q2s are proportional to 
their calibration factors S1 and S2 by the following equation: 

                                                Q1sS1 = Q2sS2 = W
2A�  [μV]                                                           (17) 

And then a series of calculations needed to be done to get the absolute thermal 
conductivity. 

(1) Heat flux through the thin sample: 

                               𝑞1 =
∆T

�x1
λ + 2R�

= S1Q1                                                                        (18) 

(2) Heat flux through the thick sample: 

                              𝑞1 =
∆T

�x2
λ + 2R�

= S2Q2                                                                                                     (19) 

 

(3) Power of the center heater divided by its square area: 

                                     
W
A

= q1 + q2                                                                                      (20) 

Thus the absolute thermal conductivity of the sample material can be obtained by: 

                                        λ =
�∆x

∆T� ��W
A� �

⎣
⎢
⎢
⎢
⎢
⎡ �Q1

Q2
� �

�Q1c
Q2c
� �

−
�Q1c

Q2c
� �

�Q1
Q2
� �

⎦
⎥
⎥
⎥
⎥
⎤
                                                                (21) 

where ∆x is the thickness difference of the two samples and ∆T is the temperature 
difference of the two samples measured by the lower and upper thermocouple 

respectively, and the heat flow meter signals ration Q1c
Q2c
� is about 1 (Akhan Tleoubaev, 

u.d.) . 

3.3 Recommended methods for measurements 
Both Transient Plane Source (TPS) method and Guarded-hot-plate method are 
available for measuring the thermal conductivity of porous, low density insulation 
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materials such as silica aerogels, polyethylene foam, etc. and can be implemented at 
room temperature since it is used for the insulations in residential buildings in winter. 

Transient Plane Source (TPS) 

For the Transient Plane Source (TPS) method, the setup is available at Energy 
Department. And TPS method seems to be a powerful technique for studies of the 
thermal transport properties. It can be used to measure the thermal conductivity, 
thermal diffusivity as well as heat capacity simultaneously of highly porous and light-
weight insulation materials. Also, this method is advantageous of fast, measurement 
and possibility of using small samples. Specifically, the results can be produced in a 
very short time (normally 10s to 10min) (Al-Ajlan, 2006) and also TPS system can use 
various-sized sensor to accommodate different samples. Besides, TPS has a wide 
range of conductivity measurement, between 0.01 and 500 W/mK (Al-Ajlan, 2006), 
which can be implanted either at room temperature or at different elevated temperature 
levels. 

The basic requirement for the TPS method is that the sample and the TPS element 
need to be thermally contacted very well, since what need to be measured (silica 
aerogel) are highly porous material, so the thermal contact must not be as good as 
other solids. 

Guarded hot plate method 

The guarded-hot-plate method is a simple method which, different from other methods, 
is for direct heat flow through the sample so that to minimize the heat transfer with other 
surrounding materials. The setup must be built up at Energy Department as introduced 
in last chapter. This guarded-hot-plate apparatus is designed for thermal conductivity 
measurement of various spray-on foam insulation materials.  

3.4 Thermal Conductivity measurement experiments with TPS 

3.4.1 General principle of TPS method 
The thermal conductivity values of several metallic materials and non-metallic insulation 
materials are measured with the TPS device in KTH lab. The principle of TPS method 
has been introduced above. Since on one hand, the temperature increase of the sample 
close to the sensor is directly dependent on the power delivered to the sample surfaces 
facing the sensor, and on the other hand, for metallic and non-metallic materials, the 
thermal conductivity values should be tested in different time periods, then thermal 
properties of different material samples depend on both power and time period at the 
same time. In measurement cases, if the statistical distribution of the Temperature & 
Time Graph is random (Figure 32) after the measurement and calculation, it can be 
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known that the operator has selected the most appropriate match of input power and 
time. 

 

Figure 32: The Difference Temperature versus Sqrt (time) window 

3.4.2 Experiment results of TPS method 
All the materials are measured at room temperature (around 20-24℃), and the most 
important of the experiment is that the TPS sensor should be calibrated first before the 
measurement of different materials every time. Because of the high thermal conductivity 
of metallic materials, higher power and very short time are needed in the experiment, 
but on the contrary, lower power like 0.01 to 0.05 W and long enough time are always 
applied in the measurement of non-metallic materials to guarantee to the accuracy as 
well as the safe operation during the experimental processes since they have very low 
thermal conductivity so that not very good thermal conduction occurred through the 
materials. The experiment results are showed in table 7 and table 8 below, and also the 
comparison of the thermal conductivity value of metallic materials and non-metallic 
materials are as the bar charts in Figure 33(a-b) respectively: 
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Table 7: Thermal conductivity measurement of metallic materials 

Materials Thickness 
(mm) 

Power 
(W) 

Time 
(s) 

Thermal 
Conductivity 

(W/mK) 

Ref. 
 Value 

(W/mK) 

Pictures 

Stainless 
Steel 

20 1 2 13.40 13.46(20℃) 

 
 Brass 20 1 3 120 121 (20℃) 

 
Aluminum 20 1 2 249 250 (25℃) 

 
Source: (Martienssen, 2005); (Ruukki, 2012); (Gustavsson, 1996) 

Table 8: Thermal Conductivity measurement of non-metallic materials 

Materials Thickness 
(mm) 

Power 
(W) 

Time 
(s) 

Thermal 
Conductivity 

(W/mK) 

Ref. 
Value 

(W/mK) 

Pictures 

Expanded 
Polystyrene 

(EPS) 

24 0.005 20 0.0258 0.034 
(25℃) 

 
Extruded 

Polystyrene 
(XPS 

purple) 

24 0.005 20 0.0264 0.029~0.
039 

(24℃) 

 
Extruded 

Polystyrene 
(XPS 

orange) 

24 0.005 20 0.0265 0.029~0.
039 

(24℃) 
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Plastic 20 0.05 80 0.1709 0.17 

(23℃) 

 
Acoustic 

Foam 
20 0.01 40 0.0325 0.035 

(10℃) 

 
Blue Foam 15 0.01 40 0.0399 No 

reference 
value 

 
Rubber 35 0.01 40 0.238 0.29 

(25℃) 

 
Silica 

Aerogel 
10 0.01 2 0.0145 0.014 

(10℃) 

 
Source: (Thermablok, 2011); (Grove-Smith & Glenz, 2011); (Jablite, 2003); (Release, 
2012); (insulation, 2010); (Cooling, 2012) 

Figure 33: Thermal conductivity measurement results of the tested materials 
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 (a) Bar chart of the TC-value comparison of Metal Materials 

 

      

(b) Bar chart of the TC-value comparison of Non-Metal Materials 

3.4.3 Drawbacks of TPS experiment method 
Transient Plane Source (TPS) is a laboratory-based devices design for measuring 
specific thermal property ranges and materials. However, proper power and measuring 
time needs to be selected while using TPS method to measure different materials, and 
sometimes when choosing different match of power and time, accordingly the 
measurement results of thermal conductivity will also be different. The results of silica 
aerogel under different power and time conditions are shown in Table 9: 

Table 9: Measuring process of silica aerogel with TPS  

0 

50 

100 

150 

200 

250 

300 

Brass Aluminum Stainless Steel 

TC-Values of Metal Materials 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

TC_Values of Non-Metallic Materials 
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Power and time TC-value(W/mK) T-t curve status(K-s) 
0.1W-1s 0.01160 Good  
0.1W-2s 0.02719 Fluctuated, uneven distribution 
0.1W-4s 0.03631 Not very stable curve 
0.1W-5s 0.03635 Not very stable curve 
0.1W-20s No values Always fluctuated curve 
   
0.05W-1s 0.01356 Good  
0.05W-2s 0.01493 Good 
0.05W-4s 0.02310 Acceptable curve 
0.05W-5s 0.03201 Acceptable curve 
0.05W-20s 0.03201 Acceptable curve 
0.05W-40s 0.03264 Acceptable curve 
0.05W-80s 0.03377 Non-stable curve 
   
0.01W-1s 0.01439 Good 
0.01W-2s 0.01457 Good 
0.01W-4s 0.01484 Good 
0.01W-5 0.01914 Good 
0.01W-10 0.02666 Good 
0.01W-20 0.02846 Not very stable curve 
   
0.005W-1s No values Really fluctuated curve 
0.005W-2s 0.02381 Not very stable curve 
0.005W-4s 0.02954 Not very stable curve 
 

As mentioned before, lower power (like 0.005W to 0.1W) and longer time (normally 20s 
to 160s) are usually needed when measuring insulation materials so that we can get the 
thermal conductivity value that is closest to its real value. But sometimes, when 
choosing a proper match of lower power and longer time for these materials such as 
silica aerogel, we could not get the desired value and curve. From table 9, it is obvious 
that for silica aerogel, under the condition of 0.05W and 1s, 2s, as well as under 0.01W 
and with time from 1s to 10s, an appropriate thermal conductivity value and a stable 
curve can be reached. But if applying a longer time, the Temperature & Time curve will 
be fluctuated and the measured results are far away from its reference value (in this 
case, 0.014W/mK). Therefore, TPS method is not a very stable method to measure 
some specific thermal properties of materials and hence another more stable and 
proper experiment method needs to be designed. 
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4 NEW EXPERIMENT DESIGN 

4.1 Experimental instrument design 
A new experimental instrument for measuring thermal conductivity of insulation 
materials has been designed which can also be called Guarded hot plate method 
owning to their principle similarity, and the schematic diagram is shown in Figure 34. 
This is a simple device where a heater is fixed in the center of two 4-mm-thick copper 
square plates, and the samples are sandwiched between the other surface of the 
copper and a 50mm-thick extruded polystyrene (XPS) insulation foam plate respectively 
on both the top and the bottom of the whole device. For guaranteeing good thermal 
conduction, the samples has the same surface area (150*150mm2) as both the copper 
square plates and the XPS foam plates up and down. Moreover, there are also two thick 
XPS insulation foam board in left and right sides of the samples. Two 2*2*150mm 
crisscross-shaped groves are made in the copper plate for evenly arranging the 3 
thermocouples in each as showed in Figure 34, to measure the temperatures at these 
points. The copper plates are designed here just for making uniform the heat transfer 
and also making even temperature on both sides, while the insulation materials 
surrounded here can be used to ensure a uniform one-dimensional vertical heat flow of 
the samples so that to minimize the heat transfer loss during the experimental 
processes. And also 3 more thermocouples are attached by tape to the adjacent 
surface side to the XPS insulation foam of each sample separately for measuring the 
outside surface temperature T (℃ ) of samples. In this experiment design, three 
important temperatures , as shown in Figure 34, need to be specially emphasized on 
which include not only T0  and T (mentioned above) but also T1 (temperatures of 
samples ’surface next to copper block). It is worth mentioning that the values of T0 and 
T can be measured by thermocouples sticking to the copper plate and samples, so 12 
thermocouples are totally required in this experiment for measuring the temperatures of 
copper and sample plates upside and down side respectively, while the value of T1 
should be worked out by Fourier’s Law of heat transfer instead of direct measurement, 
which will be described in detail later. Besides, a variable weight element, as the name 
suggested, adhered to the middle of the top insulation plate is for controlling the 
experimental pressure around by adjusting its weight to provide different overwhelming 
forces on the sample. The pressure can be calculated by recording different measurable 
height h (m) when the weight is changed.  
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Figure 34: Scheme of the TC-measurement experimental instrument 

The heater is chosen from the OMEGALUX® flexible silicone rubber fiberglass insulated 
heater series of SRFG (Rectangular Silicone Rubber Heaters) of Omega Engineering 
Company. This series of heaters are characterized by its lightweight, thin and flexible, 
which are available in insert watt density of 2.5, 5 and 10 W/in2: gentle warming is best 
done with 2.5 W/in2; a good heating purpose is with 5 W/in2; and 10 W/in2 is for rapid 
warm-up and high temperature achieving. The operating temperature range for this 
heater series is between 56℃ and 232℃, where 232℃ is the maximum safe operating 
temperature limited which can never be exceeded (Omega.co, 2003-2012).  

And the SRFG-606/* heater (Figure 35) is chosen because it has the most similar 
surface area (15*15cm) to the surface area of the sample. And then the watt density of 
5 W/in2 is selected in this case for the purpose of a good heating and then according to 
the heater types (table 9) below provided by OMEGA.Co.UK. Finally, the heater 
selected is with rectangular shape, 15*15cm width*length, works under 230 Vac, and 
has 5 W/in2 watt density without PSA (Optional Pressure Sensitive Self-Adhesive) and 
a total wattage of 180W. 
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Figure 35: Scheme of the SRFG-606/∗ flexible silicone rubber fiberglass insulated 
heater (Omega.co, 2003-2012) 

Table 10: Rectangular Silicone Rubber Heaters (Omega.co, 2003-2012) 

 

The heater is connected directly to a power regulator through which the power applied 
to the whole experiment device can be adjusted to the most appropriate value by 
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regulating both the voltage and the current output of the circuit. Here the measurement 
of silica aerogel can be taken as an example to describe the scheme (Figure 36) of the 
new experiment. Since 2 W of power was selected for measuring this kind of insulation 
material, then when we adjust the voltage and current to some specific values 
(18.03V−0.059A for silica aerogel), 2 W is reached and the heater starts to work under 
this power. After around 20 hours the experiment will reach steady state, all the values 
of T0 (℃) and T (℃) will be collected and the mean values will be employed. 

 

Figure 36: Scheme of Guarded hot plate Method 

Afterwards, T1 (℃)will be calculated through Fourier’s Law of heat transfer: 

                                                                q = −k ∙ A ∙ T0−T1
∆𝑋

                                              (26) 

Where, 

q－Power applied in each side of the copper plate, 1W, half of the power used 
here since the power is considered to be evenly distributed to the copper plates on both 
up and down side here; 

             A－Surface area of the copper plate, 150*150mm2; 

             K－Thermal conductivity of the copper plate, 401 W/mK (Toolbox, u.d.); 

             ∆T－Surface temperature difference of the two sides of the copper plate, K; 

             ∆X－ Thickness between the thermal couple and other side of copper plate, 
0.002m 
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Similarly, the thermal conductivity of sample material can also be worked out by 
Fourier’s Law,  

                                                                       k = −
q﹒∆x

A﹒(T1−T)
                                         (27)                                                    

Where: q－Power applied in sample plate, 1W; 

             A－Surface area of the sample plate, 150*150mm2; 

             K－Thermal conductivity of the sample plate, W/mK; 

             ∆T－Surface temperature difference of the two sides of the sample plate, K; 

             ∆X－ Thickness of the sample plate, 0.01m 

4.2 Heat Transfer Simulation of the new experiment design 

4.2.1 COMSOL Multiphysics 
COMSOL Multiphysics is a finite element analysis, solver and simulation software 
package for various physics and engineering applications by solving Partial Differential 
Equation (single field) or Partial Differential Equations (multi field) to achieve the 
simulation of real physical phenomena. It contains a wealth of algorithms which strongly 
represent its functionality, flexibility and practicality. At present, COMSOL Multiphysics 
has been extensively used in the fields of Acoustics, Biological Sciences, Chemical 
Reactions, Heat Transfer, Porous Medium, Optics and Wave Propagation, etc.  

4.2.2 Methodology of Simulation 
Normally, the COMSOL heat transfer module consists of advanced application modes 
for the analysis of heat transfer by conduction, convection and radiation. In the case of 
the thermal conductivity measurement of insulation materials, the analysis is constituted 
only by thermal conduction. And the simulation process is as follows: 

• Start COMSOL Multiphysics 
• Work through the COMSOL Model Wizard where a 3D model is selected here for 

the specificity of this simulation; the reference physics for this simulation is 
chosen with the stationary heat transfer in solids  

• Define the parameters, equations and variables pertinent to the model and also 
the geometry of the model as the dimensions shown in Figure 32 above. But 
what should be noted here is that the thickness of the heater is neglected but 
choosing a boundary line instead 

• The materials of copper extruded polystyrene (XPS) as well as sample materials 
should be added to the model separately and also define the key properties of 
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these materials including thermal conductivity, density, and heat capacity, and 
these thermal properties of the samples are listed in table 11 below, and here 
silica aerogel is taken as an example. 

 

 

 

Table 11: Properties of different materials 

 
 

Copper 

Property Name Value Unit 
Heat Capacity 

 
Cp 385 J/(Kg ∙ K) 

Density 
 

rho 8700 Kg/m3 

Thermal 
Conductivity 

 

k 401 W/(m ∙ K) 

 
Silica Aerogel 

Heat Capacity 
 

Cp 840 J/(Kg ∙ K) 

Density 
 

rho 3 Kg/m3 

Thermal 
Conductivity 

 

k 0.014 W/(m ∙ K) 

 
XPS Foam 

Heat Capacity 
 

Cp 1500 J/(Kg ∙ K) 

Density 
 

rho 34 Kg/m3 

Thermal 
Conductivity 

k 0.034 W/(m ∙ K) 

 
 
 

Acoustic 
Foam 

Heat Capacity 
 

Cp 1400 J/(Kg ∙ K) 

Density 
 

rho 75 Kg/m3 

Thermal 
Conductivity 

 

k 0.035 W/(m ∙ K) 

 
 

EPS Foam 

Heat Capacity 
 

Cp 1500 J/(Kg ∙ K) 

Density 
 

rho 20 Kg/m3 
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Thermal 
Conductivity 

 

k 0.034 W/(m ∙ K) 

Source: (Thermablok, 2011); (Grove-Smith & Glenz, 2011); (Jablite, 2003); 
(Release, 2012); (insulation, 2010) 
 

• The boundary, bulk and initial conditions: For this heat transfer simulation, the 
total power output of the heater was assumed at the boundary conditions to be 
2W and also the natural external convection with air is added to the surrounded 
outflow wall while the initial values of the temperature should be always taken as 
the room temperature (293.15 K). Because of low thermal conductivity of 
insulation materials, neither too much higher power nor too much lower power 
can be chosen here: for too much higher power, it can easily cause a fire 
accident from the perspective of experiment safety since the safe operation 
temperature for the surrounded XPS insulation material is only from -50℃ to 
75℃ (Toolbox, 2012), and on the other hand, it takes too long time for the heated 
model to reach to stationary state when applying too much lower power, so 
relatively speaking, 2 W is the most appropriate power for heating the insulation 
materials in the real experiment. 

• Mesh creation: Since a cubic symmetric 3D model is utilized here, which means 
the mesh creation will be much easier, and the running time of simulation will be 
shorter at the same time, so the grid with smaller size (0.005m) can be selected 
for more accurate meshing. The meshing process includes two steps: select 
mesh models and define the base size of the mesh. The grid for meshing is 
chosen with triangle type which is conducive to the reasonable mesh on vertices 
and corners of a model and the mesh result is shown in Figure 37 below: 

 

Figure 37: Triangle type mesh (0.005m) in 3D model 
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• Adjust solver parameters and compute: For the whole steady-state simulation, 
the step criteria should be defined as stationary and also the relative 
tolerance that to the maximum extent represents the calculation accuracy of 
the entire calculation process is set to be 1e-6. After all the defining process, 
the model is computed out with the following 2D and 3D temperature 
distribution result: 

 

Figure 38: 3D temperature distribution simulation result of Silica aerogel 
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Figure 39: 2D Cross-section Temperature distribution scheme of Silica aerogel 

For testing and verifying the independence of the grid, two more grid dimensions are 
also applied separately in the same model: 0.003mm and 0.01mm (Figure40), and 
both of them are with triangle grid type, 1810797 and 276124 grids are built 
respectively. After meshing, it can be obviously seen that the final temperature 
distribution and heat flux distribution are exactly the same no matter how much the 
grid size is. But the problem is that for 0.003 m-grids, the computing process needs 
much more time and memory which is more likely to cause some errors in the 
calculation process, and that for 0.01m-grid, the accuracy of grid is too low which will 
make the calculated results deviate from the real value. 

                                           

(a) 0.01m-grid                                                           (b) 0.003m-grid 
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Figure 40: Triangle type meshes in 3D model 

4.2.3 Simulation result of heat conduction distribution 
To compare with the real experiment result, simulations of different insulation materials 
including Expanded Polystyrene (EPS), Extruded Polystyrene (XPS), and Acoustic 
Foam as well as Silica aerogel are built under the same 2W power condition. For a cube 
model, the heat can be conducted from all its faces towards three directions of x, y and 
z. Moreover, in this case the total heat conducted outside from all those six surfaces (up, 
down, left, right, front and back) of the model should theoretically be equivalent to the 
power produced from heat source which refers to the heater in this case according to 
the energy conservation equation and Fourier’s Law, due to its thermodynamic steady 
state. But in the actual situation, there will be some export data error and calculation 
error existed, etc. where the allowable error experience value is no more than 5% in 
computational fluent calculation. Furthermore, our experiment design aims to create a 
uniform one-dimensional vertical heat flow of the samples; hence the heat conducted in 
other directions will be classified as “surrounded heat loss”. The simulation results of 
heat flux transferred distribution of different insulation materials are shown as follows 
（Table 12）. And from the exported data, it is clear that surrounded heat loss of silica 
aerogel is the highest (45.85%) among all these insulation materials, since it has 
extremely low  thermal conductivity thus accordingly it is with very high thermal 
resistance, and then the heat will be transferred to the surroundings.  
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Figure 41: 3D simulation result of heat conduction distribution 
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Table 12: Simulation results of Heat conduction distribution for different insulation materials 

Materials Silica aerogel EPS XPS (Orange) XPS (Purple) Acoustic Foam 
 
 
 

Images 

  
 

   

Heat 
conduction 

from 
different 
surfaces 

(W) 

up 0.5267 0.5888 0.5810 0.5810 0.5902 
down 0.5346 0.5921 0.5853 0.5853 0.5931 
left 0.2208 0.1962 0.1986 0.1986 0.1957 

right 0.2211 0.1964 0.1988 0.1988 0.1959 
front 0.2273 0.1965 0.2036 0.2036 0.2009 
back 0.2330 0.2004 0.2074 0.2074 0.2045 

Total heat 
(W) 

1.9635 1.9704 1.9747 1.9747 1.9803 

Theoretical power 
(W) 

2 2 2 2 2 

Error rate  
(%) 

1.825 1.48 1.27 1.27 0.985 

Surrounded heat 
loss (W) 

 
0.9022 

 
0.7895 

 
0.8084 

 
0.8084 

 
0.8084 

Heat loss rate 
(%) 

45.85 40.07 40.93 40.93 40.24 

Applied power rate 
(%) 

54.15 59.93 59.07 59.07 59.76 

Power applied  
(W) 

1.083 1.1986 1.1814 1.1814 1.1952 
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4.3 Heat loss analysis in reality 
The heat loss from the simulation shows the heat loss in an ideal case, but in reality, 
because of the air gap between different material blocks and the surrounded XPS 
insulation boxes, the incomplete contact of each material plate, and even the ambient 
temperature changing, there must be more heat loss than the results showed in 
COMSOL simulation. For the comparison of the heat loss in ideal situation and in real 
conditions, another testing experiment is carried out as shown in Figure 42. 

 

Figure 42: Scheme of the measurement experiment structure 

As introduced previously, 12 thermocouples are totally required in this experiment for 
measuring the temperatures of copper and sample plates upside (T0 and T) and down 
side (T0’ and T’) respectively. But in this testing experiment, T1 and T1’ are not 
calculated by Fourier’s law of heat transfer but measured directly, thus 6 more 
thermocouples are needed to measure the temperature of T1 and T1’ shown in the 
figure above, which have to be placed in the same way as the other thermocouples. In 
this case, the testing of silica aerogel is taken as an example to detect and analyze the 
real heat loss caused both by the surrounded heat transfer and those described 
inevitable objective factors, which should also be considered in all the other sample 
measurements. The experiment is measured at room temperature (around 20℃), and 
when it get to steady-state, the temperatures of T and T’, T0 and T0’, T1 and T1’ can be 
read directly from the thermocouples. Since this experiment design is a symmetric cubic 
model, there are two copper plates as well as two sample plates respectively in the up 
side and down side (Figure 42), so the calculation should be carried out in both sides. 
And the results are shown in Table 13 below: 

 

 



65 

 

Table 13: Heat loss analysis results of silica aerogel in real case 

 T_ave 
(℃) 

T’_ave 
(℃) 

T0_ave 
(℃) 

T0’_ave 
(℃) 

T1_ave 
(℃) 

T1’_ave 
(℃) 

Total 
Heat 

transfer 
(W) 

Heat 
loss 
rate 
(%) 

Heat loss 
simulation 

(%) 

Silica 
aerogel 

47.7 50.5 60.1 60.8 59.7 60.3 0.686 65.7% 45.85% 

 

From table 13, it is clearly that there are 19.85% (=65.7%-45.85%) heat loss are caused 
by the objective factors of air gap, incomplete contact and ambient temperature 
changing, etc. which must be taken into account in the process of thermal conductivity 
calculation of different materials.  

4.4 Guarded Hot Plate Method Experiment results 
As introduce above, all the insulation materials by guarded hot plate method is 
measured at room temperature and also the calculation of thermal conductivity should 
be carried out in both upside and down side. In the steady-state moment, temperature 
values (T1~T12) can be directly read out from the 12 thermocouples as introduced before, 
among which: T1~T3  and T4~T6  are temperatures for calculating the mean value of 
temperature T0 and T0’ separately; similarly, T7~T9 and T10~T12 are for temperatures of 
T and T’ respectively. T1 and T1’ are worked out by Equation 26, and at last, the thermal 
conductivity of the sample can be calculated by Equation 27 above with temperature 
difference of T and T1 in up side of the model, and also T’ and T1in its down side. Also 
the temperature differences in both up side and down side of different insulation 
material plates in the experiment is shown in Figure 43.  

Figure 43: Temperature differences in both up side and down side of different insulation 
material plates 
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But what needs to be mentioned here is about the actual power applied in the 
experiment. As known, the necessary heat transfer direction here is a uniform one-
dimensional vertical heat flow for the calculation of insulation materials’ thermal 
conductivity, so the real power utilized in the calculation should be only the sum of the 
heat flow going through the up side and the down side of the model accordingly even 
though the heat is transferred from all those six surfaces of the model from simulation 
results. And the Comsol simulation heat flux results are used to calculate the reference 
value of real power as shown in Table 12. And for each side of the sample, the power is 
thought to be approximate half of the real power. The thermal conductivity calculation 
results of the samples are as Table 14 and Appendix Chart 1.  

Table 14: Thermal conductivity measurement results from guarded hot plate method 

Materials Applied 
Power 

(W) 

Real Heat 
loss 
 (%) 

Real 
Power  

(W) 

Power for 
each side 

(W) 

Up-side 
(W/mK) 

Down-
side 

(W/mK) 
Silica Aerogel 2 65.7 0.686 0.343 0.0126 0.0162 

EPS 2 59.92 0.8016 0.4008 0.0260 0.0284 
XPS(Orange) 2 60.87 0.7826 0.3913 0.0271 0.0295 
XPS(Purple) 2 60.87 0.7826 0.3913 0.0270 0.0291 

Acoustic 
Foam 

2 60.09 0.7982 0.3991 0.0387 0.0410 

 

Due to the small structural difference between the up side and the down side of the 
Guarded hot plate method experiment device, the calculation results with these two 
sides are also different, but with very little difference, where calculation result with 
upside is closer to the reference though. And the values measured respectively by TPS 
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method and Guarded hot plate method are shown as Table 15 and Figure 44. And for 
more accurate comparison of the measurement results of TPS and Guarded hot plate 
method, the thermal conductivity value of EPS can be set as a reference value, and the 
relative values of other insulation materials by different methods can be calculated as 
Table 16 and the difference between the relative values and the reference values 
represents the accuracy of the method which can be seen intuitionally by Figure 45. 

Table 15: Absolute thermal conductivity values of insulation materials measured by TPS 
and Guarded hot plate method 

Materials Real 
Power 

(W) 

Reference 
value 

(W/mK) 

TPS method 
(W/mK) 

Guarded hot plate(W/mK) 
Up side Down side 

Silica Aerogel 1.0830 0.014(10℃) 0.0145 0.0126 0.0162 
EPS 1.1986 0.034(25℃) 0.0258 0.0260 0.0284 

XPS(Orange) 1.1814 0.029-0.039 
(24℃) 

0.0265 0.0271 0.0295 

XPS(Purple) 1.1814 0.029-0.039 
(24℃) 

0.0264 0.0270 0.0291 

Acoustic Foam 1.1952 0.035(10℃) 0.0325 0.0387 0.0410 
 

 

 

Figure 44: Line chart of thermal conductivity values measured by TPS and Guarded hot 
plate methods 

Table 16: Comparison of relative thermal conductivity values with TPS and Guarded hot 
plate method 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0.03 

0.035 

0.04 

0.045 

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
/m

k)
 

ref value 

TPS 

Guarded(up) 

Guarded(down) 



70 

 

Materials Reference 
value 

TPS method 
 

Guarded hot plate 
Up side Down side 

Silica Aerogel 0.4118 0.5620 0.485 0.570 
EPS 1.0000 1.0000 1 1 

XPS(Orange) 1.0000 1.0271 1.042 1.039 
XPS(Purple) 1.0000 1.0232 1.038 1.025 

Acoustic 
Foam 

1.0294 1.2597 1.488 1.444 

 

 

Figure 45: Line chart of comparison of different thermal conductivity measurement 
methods 

Apparently, from Figure 45, most differences of thermal conductivity measured by both 
TPS method and Guarded hot plate method to the reference values are very small 
except the measurement of acoustic foam, which has a slightly bigger difference by 
Guarded hot plate method than TPS method and the difference may be caused by the 
change of the ambient temperature and the accuracy of the placement of 
thermocouples or some other objective factors, etc. As introduced in previous chapters, 
TPS can measure the materials’ thermal conductivity, thermal diffusivity as well as heat 
capacity at the same time, but Guarded hot plate method is only available for measuring 
thermal conductivity. Nevertheless, it has been discussed that TPS is not a very stable 
method for thermal conductivity measurement since proper match of applied power and 
time needs to be selected, and different property values will be reached under different 
power and time conditions. Moreover, even though each measuring time of TPS method 
is shorter than the guarded hot plate method, much more time still needs to be spent on 
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testing and choosing the most appropriate match of applied power and time. To 
compare with TPS method, Guarded hot plate method is a much easier setup for 
thermal conductivity measurement and also easier to operate that the operators just 
need to wait until the whole heating system to achieve steady state after starting the 
heater device. The only drawback of the new experiment method is how to achieve the 
accurate estimation of the heat loss which, however, can be resolved approximately by 
computational simulation so far.  

5 FEASIBILITY STUDY 

5.1 Insulation in building industry 
Generally, room temperature is closely related to the building insulation effect. But for 
normal buildings, the heat will be transferred through the roofs, windows, walls and 
floors etc. to the outside as much as possible, especially in winter (Figure 46). The 
application of insulation materials can effectively reduce the heat loss from different 
parts of buildings so that to achieve an excellent indoor insulation.  

 
Figure 46: Heat loss from different parts of buildings (Baidu, 2012) 

The thermal conductivity of silica aerogel shows that it can be used as a sensational 
insulation material in buildings industry. The building insulation contains external wall 
insulation, interior wall insulation and also roof insulation. Usually, if interior wall 
insulation is chosen, then the construction and using area of the buildings will be 
reduced, hence nowadays the external wall insulation is extensively utilized in building 
constructions (Figure 47). The feasibility analysis of using insulation materials can be 
achieved through mathematical modeling, among which Life-cycle cost analysis method 
(LCCA) is a new system for analyzing energy-saving of buildings that has been widely 
used home and abroad.  It is based on the quantitative analysis of the energy 
consumption produced throughout the entire life cycle of buildings, so that to make an 
energy-saving performance assessment, and finally aims at minimizing the energy 
consumption of buildings as well as reducing the environmental pollution emissions. 
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Figure 47: Scheme of External wall insulation 

5.2 Calculation and analysis 
In winter, the heating heat load contains the heat loss from buildings envelop heat 
transfer and from the cold air infiltration, where the latter does not directly affect the 
thermal resistance of the envelope structure, thus only the heat consumption of external 
wall and roof need to be considered in the calculation of insulation feasibility.  

Assume a simplified model of a residential building(with external wall area of 100 m2) of 
Sweden in winter, the building is heated by electrical heater with a supposed rated 
power of 2500W, and the normal retail price of electricity in Sweden is 1.2 SEK/kWh 
(0.1667US$/kWh). Both the external wall and roof are considered as constructed with 
double layer clay bricks with a typical thermal resistance of Rw−0.145 m2K/W (Moladi, 
2002), and the normal size of bricks in Sweden is 250*120*62mm (AskEraser, 2012). 
Also, the thermal resistance of inside/outside wall surface (Ri/Ro) needs to be defined. 
The thermal resistance of wall surfaces varies with the change of regions, but for 
Sweden there is no concrete values for this, so a typical value of the inside/outside wall 
surface is chosen as 0.12/0.04  m2K/W  separately  (Moladi, 2002). The adhesives 
between two layers of bricks are supposed to be plaster with thermal resistance of 
0.02 m2K/W. Besides, the outdoor/indoor temperature in winter is supposed to be -
20℃/20℃ respectively. According to the calculation method of LCCA, what need to be 
worked out include: 

a. Heat loss per unit area q (W/ m2); 
                                                     q=U*∆T                                                                     (28) 

Where, 

U− W/ m2K , Overall heat transfer coefficient; 
∆T − K, Temperature difference of indoor and outdoor in winter 
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                                                    U= 1

R0
= 1

Ri+Re+Rin+Rw
                                                              (29) 

Where,  

            Ro −  m2K/W , overall thermal resistance of external wall ; 

            Ri −  m2K/W, thermal resistance of inside wall surface; 

            Re −  m2K/W, thermal resistance of outside wall surface; 

            Rin −  m2K/W,  Thermal resistance of insulation material,  Rin = δ
k

 , δ  is the 
thickness of insulation materials; 

            Rw −  m2K/W, thermal resistance of the wall 

b. Annual Heat loss per unit area qA(J/ m2); 
 
                                               qA = 86400 ∗ HDD ∗ U                                                           (30)  

Where,   

      HDD−K∙d, Heating degree days, refers to the cumulative degree of the daily 
average temperature lower than a base temperature (normally 18℃) for a period of 
time, which is a measurement designed to reflect the demand for energy needed to 
heat a building; The estimation HDD value for Sweden is 4375 (Kevin Baumert, 
2003). 

c. Total cost of buildings heating per unit area Ci(US $/m2); 
                                                     Ci = Cin + Ch                                                                        (31) 

Where,  

            Cin −US $/m2, investment cost of the insulation layer per unit area; 

            Ch − US $/m2, annual heating fuel cost per unit area; 

                                                                  Ch = PWF ∗ Ce                                                                        (32) 

              Ce −US $/m2 ∙ a, annual heating cost per unit area; 

            PWF−Present Worth Factor, the factor that converts the future value of the 
funds into present value, and it can be determined by the follow method: 

If g=i, PWF=(1 + i)−1; 
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If g<i, I= (i-g)/ (1+g); 

If g>i, I= (g-i)/ (1+i); 

Then PWF= [1−(1 + I)−N]/I 

Where,  

           g−%, inflation rate, 1.3% for Sweden, 2012 (Economics, 2012); 

           i−%, bank interest rate, 1.5% for Sweden, 2012 (Economics, 2012); 

           N−a, service life of insulation layers, a 10-year-service time is assumed here 
since most insulation materials have long life time; 

           I−%, discount rate 

d. Payback time T (yr); 
                                T=Insulation cost

Annual saving
                                                             (33) 

And the structures and properties of walls as well as the properties of insulation material 
(silica aerogel in this case) are listed in Table 17 and Table 18. What should be noted 
here is the thermal conductivity of silica aerogel. Since the thermal conductivity of silica 
aerogel has been measured by both TPS and Guarded hot plate method, but due to the 
instability of TPS method, thus the thermal conductivity value measured by the Guarded 
hot plate method will be used. Moreover, since the thermal conductivity of materials can 
be calculated by both upside and down side of guarded hot plate method, the average 
value will be used here which is closer to the reference value. 

Table 17: Structure and properties of walls 

 Thickness (mm) Thermal Resistance 
(𝐦𝟐𝐊/𝐖) 

Outside wall surface  0.04 
Plaster 10 0.02 
Brick 62 0.145 
Plaster 10 0.02 
Brick 62 0.145 
Plaster 10 0.02 
Inside wall surface  0.12 
Total thermal resistance                                                                0.485 
Source: (Moladi, 2002) 
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Table 18: Properties of insulation materials 

Insulation 
materials 

Silica 
aerogel 

EPS XPS(Orange) XPS(Purple) Acoustic 
foam 

Thickness 
(mm) 

10 10 10 10 10 

Thermal  
conductivity 

(W/mK) 

0.0144 0.0272 0.0283 0.0281 0.040 

Thermal 
resistance 
(𝐦𝟐𝐊/𝐖) 

0.694 0.368 0.353 0.356 0.25 

Normal Price 
(US$/𝐦𝟐) 

75.24 3.47 1 1 53.45 

Source: (Thermablok, 2010); (Foamsales, 2012); (Alibaba, 2012); (Armacell, 2012) 

And then the calculation of Heat loss per unit area Q, Annual heating fuel cost per unit 
area Ch , total cost of buildings heat per unit area Ci as well as Payback time T is taken 
under conditions with no insulation materials, and also with silica aerogel as external 
wall and roof insulation material. What can be noted here is that the thermablok is 
produced into two forms of strip and blanket respectively. The blanket can be applied in 
the wall and roof insulation, while the strip thermablok can be used in the window 
frames which can also be classified into the external wall insulation in this case study. 
And the LCCA analysis and calculation results are shown in Table 19 and the 
comparison of different insulation material situations can be seen in Figure 48 below. 
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Table 19: LCCA analysis and calculation results 

 No insulation Silica aerogel as 
insulation 

EPS as 
insulation 

XPS(orange) 
as 

insulation 

XPS(purple) 
as 

insulation 

Acoustic 
foam  

Heat transfer 
coefficient U 

(W/ 𝐦𝟐𝐊) 

2.0619 0.848 1.172 1.193 1.189 1.361 

Heat loss per unit 
area q (W/ 𝐦𝟐) 

82.4742 33.927 46.893 47.733 47.562 54.422 

Annual Heat loss 
per unit area 𝐪𝐀 

(kWh/ 𝐦𝟐) 

216.4948 89.059 123.095 125.298  124.851 142.857 

Annual heating 
cost per unit area 

𝑪𝒆 
(US $/𝐦𝟐 ∙ 𝐚) 

36.5073 15.264 20.938 21.305 21.230 24.232 

Annual heating 
fuel cost per unit 

area 𝑪𝒉 
(US $/𝐦𝟐) 

361.1398 150.992 207.120 210.753 210.016 239.708 

Annual heating 
heat production 
per unit area 𝒒𝒉 

(kWh/𝐦𝟐) 

219 91.564 125.600 127.803 127.357 145.362 

Annual saving 
cost per unit area 

(US $/𝐦𝟐) 

－ 15.264 20.938 21.305 21.230 24.232 

Payback time 
T(yr.) 

－ 3.54 0.22 0.07 0.07 4.35 

Annual energy 
saving rate per 

unit area (%) 

                                  58.86% 43.14% 42.12% 42.33% 34.01% 
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Figure 48: Comparison of the key values with different insulation material conditions 
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(e) 

5.3 Results of building insulations 
Comparing the calculation results of normal residential buildings under different 
conditions of  without insulation and using different kinds of insulation materials (Silica 
aerogel, Expanded Polystyrene (EPS), Extruded Polystyrene (orange), Extruded 
Polystyrene (purple), and Acoustic Foam), it is obvious that: 

• The heat transfer coefficient (U), heat loss (q), and correspondingly annual 
heating loss (qA), annual heating cost (Ce), as well as annual heating fuel cost 
( Ch) will have the highest values of a building without any insulations while 
the silica aerogel has the lowest values among all the other insulation 
materials. 

• When comparing silica aerogel as insulation to the buildings without insulation, 
the heat transfer coefficient reduces from 2.0619 W/m2K to 0.848W/m2K, 
with 50.89% reduction; the annual heat loss per unit areaqA decreases from 
216.4948 kWh/m2 to 89.059kWh/m2, also with 50.89% reduction. Moreover, 
the annual heating fuel cost drops from 361.1398 US$/m2 to 150.992 US$/m2, 
about 58.19% reductions and the annual saving cost of silica aerogel per unit 
area is 15.264US$/m2. 

• As introduced, silica aerogel is thinner and lighter compared to other 
insulation materials, then the installation of silica aerogel will be faster than 
other competitive solutions. 

• But due to the excellent thermal properties of silica aerogel using as 
insulations, accordingly, it has the highest selling prices (75.24 US$/m2 ) 
among all these common insulation materials and then the payback time of 
silica aerogel insulation (3.54 years) will be correspondingly much longer than 
almost all the other insulation materials.  
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6 CONCLUSION 
This report provides a comprehensive presentation and analysis of the properties, 
synthesis, structure and applications of silica aerogel. The thermal conductivity of silica 
aerogel and some other insulation materials are measured by two different methods of 
TPS method and guarded hot plate method respectively where silica aerogel 
demonstrates excellent thermal properties which makes it a good choice for buildings 
insulation industry. The feasibility study of using silica aerogel as building insulation 
materials is carried out by Life-cycle cost analysis (LCCA) system, and the results 
shows the energy efficiency of buildings will be greatly improved and the annual heating 
costs will also be reduced about 50% when compared with other insulation materials. 
But, due to such good thermal characteristics of silica aerogel, it has corresponding 
much higher selling prices than the other insulation materials, and then a much  longer 
payback time has to be taken for silica aerogel. Thus from the length of the recovery 
period point of view, silica aerogel is not a good choice for buildings insulation industry, 
but from a long-term and energy-saving perspective, silica aerogel is undoubtedly the 
best choice as insulation materials for some specific applications.  
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8 APPENDIX 

8.1 Appendix 1: Thermal conductivity of insulation materials calculation 
results by upside and down side of guarded hot plated method  
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8.2 Appendix 2:  Tables of company and price information of different 
insulation materials 

Table 20:  

Material Company Product Price 
Mineral Hebei Armeiszhuang 

Mineral Wool Board 
Co., Ltd 

acoustic mineral wool 
ceiling 

US $ 0.8 - 3.8 / 
Square Meter 

 China top building 
material international 
corporation 

mineral wool acoustic 
ceiling .fiber ceiling 
tiles, suspension 
ceiling t bar, 
suspended mineral 
wool ceiling tiles 

US $ 0.5 - 2 / Square 
Meter 

 Shandong Baier 
Building Materials 
Co., Ltd.  

Acoustic tiles ,Mineral 
wool board ,wool 
panels, Ceiling tiles 

US $ 1.6 - 2.2 / 
Square Meter 
 

 Shijiazhuang Beihua 
Mineralwool Board 
Co., Ltd. 

mineral wool US $0.4-4.2 / Square 
Meter 
 

 Jinzhou City Jinxing 
New Type Building 
Materials Factory  

mineral wool/ fiber 
ceiling board, Mineral 
wool plate/panel 
 

US $ 0.48 - 8.9 / 
Square Meter 

 

Table 21:  

Material  Company Product Price 
Expanded 
Polystyrene (EPS) 

Hubei Red Lotus Lake 
Boyue Lightweight 
Material Co., Ltd.  

EPS Polystyrene 
Foam Sandwich 
Panel 
 

US $ 11.8 - 25.3 / 
Square Meter  
 

 Dalian Yiyuan Heat 
Insulation Material 
Products Co., Ltd.  

EPS Foam Block 
 

US $ 34.5 - 88 / Cubic 
Meter  
 

 Suzhou Brilliant 
Packaging Materials 
Co., Ltd.  

Eps foam 
 

US $ 1 - 5 / Piece 

 Shanghai Sunnyda 
House Co., Ltd.  

Foam sandwich board 
 

US $ 8 - 30 / Square 
Meter  

 

Table 22: 

Material  Company Product Price 
Extruded Polystyrene 
(XPS) 

Universal hovercraft 
 

8'x4'x3" Extruded 
Polystyrene Foam 
 

$39.95 per sheet 
 

http://sdbaier.en.alibaba.com/�
http://sdbaier.en.alibaba.com/�
http://sdbaier.en.alibaba.com/�
http://jxxxjc.en.alibaba.com/�
http://jxxxjc.en.alibaba.com/�
http://jxxxjc.en.alibaba.com/�
http://hb-boyue.en.alibaba.com/�
http://hb-boyue.en.alibaba.com/�
http://hb-boyue.en.alibaba.com/�
http://dlyiyuan.en.alibaba.com/�
http://dlyiyuan.en.alibaba.com/�
http://dlyiyuan.en.alibaba.com/�
http://zaidahouse.en.alibaba.com/�
http://zaidahouse.en.alibaba.com/�
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 W.T Thermal 
Insulation Material 
Co., Ltd.  

Extruded polystyrene 
 

US $ 1 / Square 
Meter 

 

Table 23: 

Material Company Product Price 
Cork Rugao City 

Chenguang Cork 
Factory  

Wine cork stopper 
 

US $ 0.25 - 0.3 / 
Piece 
 

 Xian Leecork Co., Ltd.  
 

Wine cork (cork 
stopper) 
 

US $ 0.02 - 2 / Piece  

 Xuzhou Taibo 
International Trade 
Co., Ltd.  

Round cork for wine 
oil liquor bottles 
 

US $ 0.2 - 1 / Piece  
 

 

Table 24: 

Material  Company Product Price 
Polyurethane Jiangyin Dingyan 

Seals Co., Ltd. 
Polyurethane Product US $ 1 - 29 / Piece 

 Shanghai Haohai 
Chemical Co., Ltd.  

 Polyurethane US $ 0.9 - 3 / Piece  
 

 Yingkou Tanyun 
Chemical Research 
Institute Corporation 

polyurethane foam 
sealant 
 

US $ 2 - 20 / Piece  
 

 Xiamen Youwei 
Industry And Trade 
Co., Ltd. 

Spray polyurethane 
foam 

US $ 0.5 - 1 / Piece 
 

Note: The raw materials costs range from $1.30 to $2.20 per pound 

Table 25:  

Material Company Product Price 
Cellulose Zhengzhou Jielin 

Superhard Material 
Co., Ltd. 

Cellulose acetate 
 

US $ 2,200 - 2,500 / 
Metric Ton  
 

 Hangzhou Uniwise 
International Co., Ltd.  

Cellulose acetate 
phthalate 9004-38-0 

US $ 7.18 - 7.45 / 
Kilogram 

 

Table 26:  

Material  Company  Product Price 
Vacuum Insulated 
Panel (VIP) 

Xiamen Goot 
Advanced Material 

vacuum Insulation 
Panel 

US $ 3 - 20 / Piece 
 

http://wtlb.en.alibaba.com/�
http://wtlb.en.alibaba.com/�
http://wtlb.en.alibaba.com/�
http://cork.en.alibaba.com/�
http://cork.en.alibaba.com/�
http://cork.en.alibaba.com/�
http://leecork.en.alibaba.com/�
http://taybal.en.alibaba.com/�
http://taybal.en.alibaba.com/�
http://taybal.en.alibaba.com/�
http://haohaigroup.en.alibaba.com/�
http://haohaigroup.en.alibaba.com/�
http://cnuniwise.en.alibaba.com/�
http://cnuniwise.en.alibaba.com/�
http://goot.en.alibaba.com/�
http://goot.en.alibaba.com/�
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Co., Ltd.  
 

Table 27: 

Material Company Product Price 
Phase Change 
Material (PCM) 

Jinzhou Cheng Xiang 
Trade Import And 
Export Co., Ltd.  

Phase Change 
Material(PCM)-29 
PCM ball for Water 
cycle 
 

US $ 3,700 - 3,900 / 
Ton 

 Shenzhen Aochuan 
Technology Co., Ltd.  
 

 
Phase Change 
Material 
 

US $ 0.3 - 30 / Piece   

 

 

 

 

 

 

 

 

http://zj-chengxiang.en.alibaba.com/�
http://zj-chengxiang.en.alibaba.com/�
http://zj-chengxiang.en.alibaba.com/�
http://aok-technologies.en.alibaba.com/�
http://aok-technologies.en.alibaba.com/�
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