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 Abstract: Among nanotechnology-based thermal insulation materials thermodynamic 
performance of nano-ceramic coatings generates intensive discussions. Complete agreement has 
not been found yet about the mechanism of their insulating effect. In the Laboratory of Building 
Materials and Building Physics at Széchenyi István University (Győr, Hungary) heat transfer 
resistance experiments have been performed in order to describe thermodynamic processes inside 
nano-ceramic coatings. Previous studies finding after new measurements conducted in 2016-2017 
also supported the former assumption that in case of nano-ceramic coatings convective heat 
transfer coefficient might be taken into account in a different way. Results also showed that 
thermal insulating effect of nano-ceramic coatings could be caused by a relatively high surface 
heat transfer resistance.  
 
 Keywords: Nanotechnology, Nano-ceramics, Thermal insulation, Thermodynamics 

1. Introduction 

 The appearance of nanotechnology-based materials on the market of building 
materials opened several possibilities in the 1990s and made it possible to use them in 
architecture and civil engineering. Nano-silica additives can increase durability and 
compressive strength of cement-based materials [1]. They can be used to increase 
fluidity or water permeability of concrete structures [2], [3]. Tensile and bending 
strength of concrete structures can be enhanced by adding nanotubes or nano-fibers [1], 
[3]. Wood-based products composed with nanotubes or nano-fibers are twice as strong 
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as steel [1]. Coatings containing nanoparticles in the form of titanium dioxide (TiO2), 
they are used to build up self-cleaning surfaces (e.g. floors, facades) [1], [3]. 
Nanoparticle-based coatings can also provide better adhesion, transparency, corrosion 
and fire protection [1], [4], [5]. 
 In building industry a variety of nanotechnology-based thermal insulation materials 
could be encountered: grey-colored expanded polystyrene products including graphite 
powder additive or soot particles (e.g. EPS Graphite); Vacuum Insulation Panels (VIPs); 
aerogel insulations and thermal insulation coatings consisting hollow nano-ceramic 
microspheres. One of the principal topics of sustainable construction is to minimize or 
eliminate the negative effects on environment, which became a point of interest of civil 
engineers, architects, designers and researchers [6]. The variety of insulating products 
offers many options to use them effectively in housing. Nanotechnology-based thermal 
insulation materials are generally considered to have better thermal insulation quality 
than traditional materials. In their nanostructure one or more ways of heat transport is 
hampered, thus they can decrease the heat transfer coefficient of building structures. 
Thanks to their beneficial properties these high-performance thermal insulation 
materials can provide adequate thermal insulating effect with a relatively low structural 
thickness.  

2. Nano-ceramic coatings 

 Most paint-on insulation products contain microscopic vacuum-hollow ceramic 
microspheres with a diameter of 20-120 µm and with a cellular wall thickness of  
50-200 nm. They are called Nano-Ceramic Coatings (NCC). 
 Synthetizing of nano-ceramic microspheres was developed in 1984 by S. Komarneni 
and R. Roy. This process is called ‘sol-gel’ and enabled researchers to test the properties 
of nano-ceramics [7]. To produce nano-ceramics at a more efficient way this process 
was later replaced by microwave sintering [8]. 
 NCCs are made of melted glass or ceramics under high gas-pressure and at a high 
temperature (1500 °C). After cooling down, the pressure ends, leaving vacuum inside 
the microspheres. A mixture of synthetic rubber and other polymers is used as binding 
materials. Their main components are styrene (20%) and acryl latex (80%). Styrene 
enhances mechanical strength and acryl latex makes nano-ceramic coating resistant 
against weather conditions and provides flexibility. Other additives (e.g. biocides, anti-
fouling and antifungal materials) make the final product durable and mould-proof [9], 
[10], [11]. 
 NCCs are typically used for exterior and interior wall insulation, but they are also 
suitable for pipe insulation and protection against fire and corrosion. They can be easily 
transmitted to hard-to-reach places [9], [10], [11]. 

3. Research history 

 Thermodynamic properties of NCCs generally generate intensive discussions in 
academic circles because of contradictory technical data that could be found in special 
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literature and in producers’ handouts. The excellent thermal insulating quality of NCC 
is usually associated with an extremely low thermal conductivity [9], [10], [11]. 

3.1. Literature summary 

 Special literature provides different data regarding thermal insulation quality and 
thermodynamic details of NCCs [12], [13]. Some sources state that their thermal 
conductivity is around 0.001-0.003 W/mK based on measurements of university 
laboratories in Latvia, Russia (Volgograd) and Hungary (Debrecen) [4], [5], [9], [10], 
[11]. Other sources publish much higher values (from 0.014 W/mK to 0.140 W/mK) 
[5], [14], [15], [16] and talk about their effective thermal conductivity [14], [16], which 
contains the internal convective heat transfer coefficient (hi) and external convective 
heat transfer coefficient (he) of the enclosed nano-scale pores inside the nanostructure. 
These details are often not confirmed by documented laboratory tests or refer to 
insufficiently introduced experiments [9], [10], [11]. Others calculate thermal 
conductivity of nano-ceramic coatings from heat transfer coefficient (U-value) of a 
global building structure [14]. Each method has the same problem that it tries to 
determine thermal conductivity indirectly using conventional data and calculations and 
it does not take into account that physical and chemical processes inside structures 
ranging from 1 to 100 nano-meters can occur differently than in traditional macro sizes. 
 In order to test thermal performance of nano-ceramic coatings energy balance was 
investigated in periods of heating and also in the summer on external building surfaces 
using dynamic outdoor testing. Measurements demonstrated that coatings consisting of 
hollow ceramic microspheres have the same thermodynamic properties as standard 
facing coatings [17], [18]. Spectral emissivity properties and reflective ability of nano-
ceramic thermal insulation coatings were also measured with standard infrared 
spectroscopy and a handheld reflection intensity measurement device. Measured data 
demonstrated that coatings have the same radiant properties as standard building 
coatings [19], [20]. Based on GOST 23630.2-79 (Russian standard) using an IT-λ-400 
instrument thermal conductivity of nano-ceramic coatings consisting hollow inorganic 
microspheres measured to be 0.10-0.18 W/mK and the effective thickness of the thin-
film insulation coating was determined at least 5 mm (that requires application of 4 
layers of material at each layer thickness of 1-1.5 mm) [15]. 
 Other researchers claim that thermal insulation coatings can highly increase heat 
transfer resistance of the insulated surface by reducing convective heat transfer 
coefficient [16]. Experiments have shown that they are able to improve the heat transfer 
coefficient of solid brick masonry [14]. 

3.2. Former experiments at Széchenyi István University (Experiment 1-3) 

 After studying the special literature three experiments were performed in the 
Laboratory of Building Materials and Building Physics at Széchenyi István University 
(Győr, Hungary) in 2014-2017. Results of Experiment 1, Experiment 2 and Experiment 
3 were published in 2015-2016 [21], [22], [23]. Their results founded Experiment 4 that 
is the base of the present study. In order to understand it better it is important to 
summarize the former results of Experiments 1-3. 
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 In Experiment 1 five types (Type 1-5) of samples were made from different kinds of 
traditional thermal insulation materials: Expanded PolyStyrene (EPS), eXtruded 
PolyStyrene (XPS) and Oriented Strand Board (OSB). Sample Type 1 was uncoated and 
homogeneous, other samples were sprayed with a nano-ceramic coating. Thermal 
conductivity of homogeneous samples and the effective thermal conductivity (λeff) of 
inhomogeneous samples (Type 2-5) were compared and the results seemed to show a 
minor negative effect of nano-ceramic coating on thermal insulation quality [21], [22]. 
Only XPS samples showed a small positive effect with an insignificant decreasing value  
[21], [22]. 
 During Experiment 2 thermal conductivity of the pure nano-ceramic coating was 
measured directly with a standard heat flow meter on samples with a thickness of 
20 mm. The average thermal conductivity under air-dry conditions was 0.0690 W/mK. 
However; NCCs are practically not used with a thickness of 20 mm, because they are 
applied as a thin membrane. Therefore it could not be clearly declared that thermal 
conductivity of this material has the same thermal conductivity if it is used as a very 
thin membrane [21], [22]. 
 Based on the previous two experiments it was concluded that insulating effect of 
nano-ceramic thermal insulation coatings is probably not caused by their extremely low 
thermal conductivity. As it was formerly mentioned, some sources claim that insulating 
effect of these materials is generated by not their extremely low thermal conductivity 
(this value is estimated to be 0.014 W/mK) but by their high surface heat transfer 
resistance. 
 Considering it as a basic concept Experiment 3 was conducted in 2015-2016. For 
this experiment 12 different orders of layers were constructed from 300x300 mm 
samples of thermal insulation materials of different thicknesses. There were coated and 
uncoated samples; moreover, a 100x100 mm air gap with a thickness of 20 and 30 mm 
was included into the construction. Results seemed to prove that the insulating effect 
comes from a relatively high surface heat transfer resistance. However; the insulating 
effect was much lower than previously expected [23]. 

4. Recent studies (Experiment 4) 

 Supposing that in a larger air gap, air particles should have more possibility for bulk 
movements; surface heat transfer resistance can prevail and higher differences may arise 
between coated and uncoated samples Experiment 4 was conducted in 2016-2017. 
 For Experiment 4 the same 12 orders of layers were used as in Experiment 3. 
Although the samples were constructed from 300x300 mm samples of Thermal 
Insulation Materials (TIM) of different thicknesses, but with a 200x200 mm Air Gap 
(AG) with a thickness of 20 and 30 mm. There were configurations (Table I), which 
contained NCC and uncoated samples as well (Type 1-12). 
 Samples were prepared by the manufacturing company that provided only 
approximate data about the raw material. The composition is patented and 
manufacturers generally do not give highly accurate details about the product. It can 
definitely be stated that the examined coating was outside façade insulation. Wide limits 
(20-50 m/m%) were given about the ratio of the binder material, but certainly it neared 
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the lower limit because coating was sprayed on the surface of samples and low ratio of 
binder material is ideal for spray technology. 

Table I 

Types of sample configurations for Experiment 4 

Type 1 20 mm AG + TIM 
Type 2 20 mm AG + 2 mm NCC + TIM 
Type 3 30 mm AG + TIM 
Type 4 30 mm AG + 2 mm NCC + TIM 
Type 5 TIM + 20 mm AG + TIM 
Type 6 TIM + 2 mm NCC + 20 mm AG + TIM 
Type 7 TIM + 30 mm AG + TIM 
Type 8 TIM + 2 mm NCC + 30 mm AG + TIM 
Type 9 20 mm AG + TIM + 20 mm AG 
Type 10 20 mm AG + 2 mm NCC + TIM + 2 mm NCC + 20 mm AG 
Type 11 30 mm AG + TIM + 30 mm AG 
Type 12 30 mm AG + 2 mm NCC + TIM + 2 mm NCC + 30 mm AG 

 According to EN 12667:2001 standard [24] (Thermal performance of building 
materials and products. Determination of thermal resistance by means of guarded hot 
plate and heat flow meter methods products of high and medium thermal resistance.) 
Taurus TCA 300 heat flow meter was used for measurements. The heat flow is induced 
by electrical heating using a resistor heater having a direct thermal contact with the 
surface of the sample [25]. Because of the inhomogeneous, multi-layer structure heat 
flow meter was able to determine effective thermal conductivity (λeff) [26]. Effective 
thermal conductivity of 3-3 pieces of each type of configurations was measured using 3 
different kinds of thermal insulation materials: EPS, XPS and OSB plates. Each sample 
was measured 3 times. Moreover; sample Types 1-8 were measured in two ways; firstly 
NCC was on the warm side; secondly NCC was on the cold side. Eventually a total 
number of 192 different measurements were conducted. 
 The experiment was to provide information about thermal insulation ability of NCC. 
Therefore the main focus of experiments was the difference in effective thermal 
conductivity between coated and uncoated samples. Compared to Experiment 3 the only 
difference in the configurations was the multiple increased air gaps. Therefore 
measurements of Experiment 4 were also compared with the results of Experiment 3. 
Because of the increased air gap larger changes were expected in effective thermal 
conductivity of coated and uncoated samples. 
 This assumption was partly proven because differences between coated and 
uncoated samples were really higher than in Experiment 3. It is well-known that the 
accuracy of Taurus TCA heat flow meter is up to 5% and these results might be due to 
the fluctuations in measurement limits. However, in fact, in 91% there were no 
deviations between the 3 test results of an individual sample, and in 9% the difference 
was only ± 0.0002 W/mK, which means 0.1-0.3% accuracy. 
 Changes in EPS samples were the most apparent (Table II). The most significant 
difference (9.96% and 12.04%) was found in configuration Types 9-12 due to the two-
sided nano-ceramic coating. As it was formerly expected, higher changes were 
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registered than in Experiment 3. In case of Types 1-4 the change level was also higher 
(6.62% and 6.02%) than in Experiment 3. Effective thermal conductivity changes were 
also the lowest in case of Types 5-8 (4.55% and 5.02%), but these data were nearly 
similar to the results of Experiment 3. A possible explanation of this phenomenon can 
be that if an air gap is closed inside two layers of thermal insulation then air particles 
are less able to move and the effect of surface heat transfer resistance becomes smaller. 
It can be also concluded that the application of NCC in this way could be the least 
efficient. There was no difference between measurement results depending on the 
location of the coating (warm or cold side). 

Table II 

Results of Experiment 3 and Experiment 4 with EPS samples  

Sample 
type 

Experiment 3 Experiment 4 
(100x100 mm air gap) (200x200 mm air gap) 

λeff ∆λeff λeff ∆λeff 
(W/mK) (%) (W/mK) (%) 

1 0.06702 
-5.82 

0.06284 
-6.62 

2 0.06312 0.05868 
3 0.08272 

-5.75 
0.07919 

-6.02 
4 0.07796 0.07442 
5 0.05469 

-4.75 
0.05585 

-4.55 
6 0.05209 0.05331 
7 0.06211 

-4.96 
0.06613 

-5.02 
8 0.05903 0.06281 
9 0.08583 

-8.66 
0.07759 

-9.96 
10 0.07840 0.06986 
11 0.10923 

-8.19 
0.10830 

-12.04 
12 0.10028 0.09526 

 In case of XPS samples smaller changes can be observed (Table III) similarly to 
Experiment 3. This could be explained by the results of Experiment 1 where nano-
ceramic coating itself resulted in the reduction of thermal conductivity. This is why 
surface heat transfer resistance seems to have a minor effect on thermal insulation 
quality. The most significant thermal conductivity changes were in configurations 
Types 1-4 (4.49% and 4.70%). Configurations Types 9-12 showed also higher changes 
than in Experiment 3 but the increase was not as significant as in case of EPS samples 
(3.71% and 4.92%). Just like EPS samples, a little bit lower changes were measured in 
case of Types 5-8 (3.30% and 3.80%) and there were nearly no differences between 
Experiment 3 and Experiment 4. There was also no difference between measurement 
results depending on the location of the coating (warm or cold side). 
 In case of OSB boards the insulating effect of nano-ceramic coating was 
undetectable (Table IV). Except the sample Type 12, all measurements showed that 
coating has a negative effect on thermal insulation quality. In Experiment 3 the smallest 
change rate was in case of Type 12, too, but the effect was still destructive. In 
Experiment 4 the sample Type 12 had almost no changes in effective thermal 
conductivity (-0.02%). Similarly to Experiment 3 the effective thermal conductivity of 
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configurations Types 1-11 became higher when using NCC. Moreover configuration 
Types 1-6 suffered major changes (3.84%, 3.77%, 3.08%). Configurations Types 7-11 
suffered slightly smaller changes than in Experiment 3, but the results still showed that 
coating has a destructive effect on thermal insulation quality.  

Table III 

Results of Experiment 3 and Experiment 4 with XPS samples  

Sample 
type 

Experiment 3 Experiment 4 
(100x100 mm air gap) (200x200 mm air gap) 

λeff ∆λeff λeff ∆λeff 
(W/mK) (%) (W/mK) (%) 

1 0.05144 
-4.10 

0.04761 
-4.49 

2 0.04933 0.04547 

3 0.06220 
-3.36 

0.05910 
-4.70 

4 0.06011 0.05632 

5 0.04556 
-3.45 

0.04660 
-3.30 

6 0.04397 0.04506 

7 0.05092 
-3.36 

0.05391 
-3.80 

8 0.04921 0.05186 

9 0.06456 
-2.79 

0.05641 
-3.71 

10 0.06276 0.05431 

11 0.08259 
-2.74 

0.07689 
-4.92 

12 0.08033 0.07310 

Table IV 

Results of Experiment 3 and Experiment 4 with OSB samples  

Sample 
type 

Experiment 3 Experiment 4 
(100x100 mm air gap) (200x200 mm air gap) 

λeff ∆λeff λeff ∆λeff 
(W/mK) (%) (W/mK) (%) 

1 0.10630 
+3.22 

0.10494 
+3.84 

2 0.10972 0.10897 
3 0.12660 

+2.37 
0.12468 

+3.77 
4 0.12960 0.12938 
5 0.06810 

+2.83 
0.07164 

+3.08 
6 0.07003 0.07385 
7 0.07552 

+2.82 
0.08379 

+2.70 
8 0.07765 0.08605 
9 0.11800 

+2.29 
0.10643 

+2.16 
10 0.12070 0.10873 
11 0.15097 

+1.21 
0.14140 

-0.02 
12 0.15280 0.14137 
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 Based on tests of samples with different materials (EPS, XPS and OSB) it can be 
concluded that probably, not the same material quality and composition is suitable for 
all building structures and materials. It can also be seen that thermal insulation quality 
depends on the material quality of the coated surface. It can also be stated that every 
time the correct solution should be found (materials quality, materials composition, etc.) 
and the same material is not suitable for all surfaces. Presumably, insulating OSB plates 
needs different material quality, composition or application technology than EPS and 
XPS plates to achieve significant insulating effect. 

5. Conclusions 

 Former laboratory tests showed that nano-ceramic thermal insulation coatings 
probably do not have an extremely low thermal conductivity that was described by the 
available documents of producers and distributors. Their thermal conductivity is likely 
to be higher than that of traditional thermal insulation materials like mineral wool 
products or plastic foams (e.g. EPS, XPS and polyurethane foam). 
 Some special literature sources claim without referring to laboratory measurement 
results that their insulating effect comes from a relatively high surface heat transfer 
resistance. 
 Heat transfer resistance experiments in the Laboratory of Building Physics and 
Building Materials at Széchenyi István University (Győr, Hungary) were conducted to 
prove or disprove this hypothesis. Although it can be seen that the difference between 
coated and uncoated samples was significant in case of EPS and XPS, but insulating 
effect was not as high as it can be found in the special literature. On basis of Experiment 
2 and 4 (where the only difference between samples was the coating itself) it could be 
concluded that the higher heat transfer resistance of coated samples caused the lower 
convective heat transfer coefficient. It can be declared that in case of nano-structured 
materials convective heat transfer coefficient might be taken into account differently 
than in case of traditional macro-structured thermal insulation materials. 
 Test results also showed that the same material quality, composition and application 
technology may not be suitable for insulating different kinds of surfaces.  
 Further studies are needed to confirm the insulation effect of nano-ceramic thermal 
insulation coatings. There are running experiments with new types of configurations 
containing a 200x200 mm air gap with a thickness of 50 and 80 mm (Experiment 5 and 
Experiment 6). Probably, in a larger air gap air particles should have more possibility 
for bulk movements. Thereby surface heat transfer resistance can prevail and higher 
differences may arise between coated and uncoated samples. These experiments are still 
running. Results will be reported in a subsequent study. 
 Furthermore, it would be important to make in-situ heat transfer experiments with 
NCC in order to understand the thermal insulation behavior of the material better. In 
order to achieve this goal heat transfer coefficient of several sample buildings should be 
measured without any thermal insulation. These basic data should be compared with the 
heat transfer coefficient of structures with NCC insulation.  
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