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A B S T R A C T   

The applications of insulation materials in buildings and vehicles are more important than ever. 
Therefore, the application of thermal insulation materials having high-performance heat-blocking 
properties such as nano-structured insulations like aerogels and graphite polystyrene is essential. In 
this paper a comprehensive thermal characterization will be presented, executed on two types of 
fibrous aerogels (slentex, pyrogel) as well as on graphite-expanded polystyrene, to compare their 
thermal insulation capability. Moreover, their possible sandwich-structured application as hybrid 
insulation systems was tested, too. The surface analysis of the samples is going to be presented 
through microscopic and wetting experiments. Thermal conductivity as well as specific heat ca
pacity measurement results of both individual and sandwich structures will be shown. Slentex 
aerogel has the lowest thermal conductivity and performed best of all. The results of the hybrid 
structures are promising. The moisture uptake of the pyrogel aerogel is the highest. Based on the 
measured values theoretical models will be applied for validation, moreover, a face-to-face analysis 
will also be presented. Furthermore, calculations regarding thermal properties will also be high
lighted. Results of both infrared absorption tests and differentiated scanning calorimetry would help 
the decision makers and it proves the high infrared absorption of graphite polystyrene.  
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Nomenclature 

Symbol Property Unit 
λ Thermal conductivity W/mK 
σ Stefan-Boltzmann Constant W/(m2K4) 
nt Refractive index 
αR Rosseland average absorption (extinction) coefficient 
β Molecule-wall collisions coefficient 
Kn Knudsen number 
Θmean free mean path nm 
δ pore size nm 
ν speed of sound m/s 
T Temperature oC 
Cp Specific heat capacity J/kgK 
t Time s 
Ceff Volumetric heat capacity J/Km3 

DT Diffusivity m2/s 
A Area m2 

d Thickness cm 
ρ Density kg/m3 

FT Temperature conversion factor 
fT Temperature conversion coefficient 
m Mass g 
e Effusivity [J/m2Ks1/2]  

1. Introduction 

Reducing energy losses in the energy sector (buildings, vehicles), especially at the power plant level, is one option for optimizing 
energy use [1–4]. One way to do this is to use thermal insulation. In some cases, it is not possible to use thermal insulations more than 
10 cm thick in buildings, as there is not enough space available, and the outer shell structure of the vehicles also requires the use of 
“thin” (~2–3 cm thick) thermal insulations [5,6]. Thanks to industrial development, the manufacturing methods of heat insulation 
materials have also improved. It was reported by Cai et al., Jelle and Schiavoni that, in the last two or three decades one of the most 
generally applied building insulation materials has been the expanded polystyrene (EPS) foam due to its adequate thermal insulating 
capability and satisfactory price [7–10]. Lately, new materials have emerged in the marketplace, such as polystyrene foam enhanced 
with graphite, vacuum insulation panels or aerogel slabs [11–17]. In this context, silica aerogel products are often mentioned as 
promising materials to increase the thermal resistance of the building envelope. However, despite their outstanding insulating per
formance, these products are relatively high-priced, and there is little information about their basic thermal properties, strength and 
long-term performance. Aerogels are supposed to be the next generation of insulation materials [18–21]. In recent years, quite a few 
scholars have studied nanostructured insulations such as graphite EPS and aerogels. But many of them focused on their individual use 
and their tests. During this research, I examined nanostructured thermal insulation materials such as graphite-expanded polystyrene 
and modern (advanced or nanotechnology), but less well-known thermal insulation materials such as aerogels. These materials have 
nanopores and high porosity, while graphite-enhanced polystyrene insulation foams can be more reliable, because graphite or carbon 
micro/nanoflakes are added to them during production. Besides their tests, the paper also presents the possible use of their combi
nations which can be supposed of the novelty of the paper. In general, thermal insulation means the prevention of heat spread between 
different spaces with various temperatures [12,14,22–24]. Danaci in Ref. [25] made a comparison with REVIT on aerogel and 
rockwool insulation as systems and reached that with aerogel 8% more energy savings can be reached compared to mineral wool. 
Kranafti et al. in Ref. [26] presented a comprehensive review of dynamic thermal insulations. They found that dynamic thermal 
insulation systems can be future solutions from a sustainability point of view. Landolfi presented a comparison of different thermal 
insulations including external thermal insulation systems (ETICS) [27]. In the absence of sufficient thermal insulation, the heat loss of 
the system can be significant. The insulation of building services systems and their parts is also important. Pipelines are insulated not 
only to reduce heat loss, but we also use several insulation methods that serve other purposes as well. Such roles include safety, fire 
protection, sound attenuation and the prevention of condensation. The thermal insulation coating of the pipeline has several elements 
that affect not only the efficiency of the system but also the safety of its operation and the resources of the equipment [28–30]. The 
main aim of the paper is to present both novel measurement and calculation results on individual and sandwich insulations as follows. 
This paper will present a comprehensive thermal characterization executed on two types of fibrous aerogels as well as on 
graphite-expanded polystyrene (g-EPS) as a case study. Moreover, their possible sandwich-structured application as hybrid insulation 
systems will also be presented, where the aerogels are combined with graphite polystyrene. The surface analysis of the samples is 
presented through microscopic images and wetting experiments. Sorption isotherms with the climatic chamber method as well as the 
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surface wettability of the samples were explored. Besides the results of the measurements of the thermal conductivity and the specific 
heat capacity, the experimental results of both the individual and the sandwich structures will be shown executed with Netzsch 446 
Heat Flow Meter (HFM) in the function of the temperature. The temperature sensitivity of the thermal conductivities of the samples 
was also analysed. On the measured results theoretical models are applied for validation. Furthermore, calculations regarding thermal 
properties such as diffusivity, effusivity and volumetric heat capacity will also be highlighted. Moreover, the results of infrared ab
sorption tests would also help the decision-makers in the preparation of plans, too. With Netzsch Differentiated Scanning Calorimeter 
(DSC) Sirius 3500 the heat flow is also measured in function of temperature. In this paper, interesting results and applicability sug
gestions are given regarding the thermal properties of nano-structured insulations and the paper will give suggestions for the possible 
application of nanostructured insulations as hybrid sandwich structures. Finally, as a comparison of the results, we also provide the 
literature with a table summarizing the most important properties of the materials. In my opinion, the presented results should be very 
useful and can extend the available information already presented in these materials. The tested parameters can give reliable basics for 
designers. These results represent the applicability limits of the materials in different environments (humid or cold/warm). These 
results give information about the energy-saving potential used for buildings. 

1.1. Heat transfer through insulation materials 

There are several models for describing the effective thermal conductivity of thermal insulation materials with cellular or fibrous 
structures. It is a basic fact that in a gas-filled thermal insulation sample the heat spread is separated into four terms: (λcg) relates to the 
heat conduction of the gas, (λr) expresses the radiation, responsible for the conduction through the solid body (λcs), and (λconv) defines 
the gas convection, the latter being more typical of fibrous materials.  

λt = λcg+λcs+λr+λconv                                                                                                                                                    (1) 

where (λt) is the effective thermal conductivity characteristic of the entire bulk material. In our cases the four terms refer to the 
following, respectively: (a) the heat conduction of the gas occurs from the impact of the gas parts and spreads from particle to particle; 
(b) the thermal conductivity of the solid part appears as collective lattice vibrations (phonon) as well as through chemical bonds among 
atoms; (c) the radiative portion can be associated to the electromagnetic energy from the surface of the material in the infrared range, 
(d) the convection originates from the transportation and movement of air and moisture. These quantities all depend on both tem
perature or temperature difference and pressure. In the case of cellular objects, the convection value tends to be nil with rising density 
(decreasing pore size) and becomes negligible.  

λt = λcg+λcs+λr                                                                                                                                                              (2) 

For graphite EPS the λr is reduced by the addition of the graphite/carbon flakes.  

λr = 16nt
2σT3/3αR                                                                                                                                                          (3) 

where: σ: the Stefan-Boltzmann constant (5.67 × 10− 8 W/(m2K4)); nt: the refractive index; αR: the Rosseland average absorption 
(extinction) coefficient. With the addition of graphite or carbon to the composite during manufacturing, both the Rosseland constant 
and the nt refractive index are changed. In materials where the porosity is relatively high, both the convective and conductive parts of 
the gas contributed heat transfer decreases. If the porosity of a substance rises, the thermal conduction across the solid framework is 
reduced, since the huge quantity of pores decreases the spread of phonons in the skeleton of aerogel. The impact of the gas part is due to 
the flexible interactions among particles. The heat conduction of the gas depends both on the length of the mean free path of the gas 
particles in the pores and on the pore size. The proportion of the mean free path and the pore width is named the Knudsen number (Kn), 
which is described by equation (4). The nanometric size of the pores reduces gaseous convective and conductive heat transfer and 
radiation.  

λcg = λ0/(1+2βKn)                                                                                                                                                         (4)  

Kn = Θmean/δ                                                                                                                                                                (5) 

where λ0 is the thermal conduction of the gas in the standard state; β: is the coefficient (1.5–2) used to characterize the energy exchange 
occurring during molecule-wall collisions (efficiency); δ: is the characteristic pore size (nm); Θmean: is the free path length of the gas 
(nm), where gas particles are trapped in the cell (pore) and suffer a collision with the pore wall and not with each other. If the mean free 
path length of the particles is smaller than the pore (cell) size, the value of the Knudsen number is less than one, otherwise, it is greater 
than one [31–33]. 

Another model for specifying the thermal conductivity of nano-porous materials can be given by the following formula:  

λd=(ρdνd/ρ0ν0)λ1                                                                                                                                                            (6) 

where λ1 is the thermal conductivity coefficient of a completely “dense” solid body, ρd is the density of the porous material (without 
pores), ρ0 is the density of the material without pores, and νd is the speed of sound propagation in the porous material and ν0 is the 
speed of sound propagation in the material without pores [18,34,35]. The high degree of porosity of aerogel leads to lower density and 
lower sound propagation speed. Fu presented a critical review on the modelling of the thermal conductivity of silica aerogel com
posites. For the gaseous thermal conductivity in silica-based composite aerogels empirical and theoretical models were presented. 
Moreover, for solid conductivity numerical, analytical and empirical forms were also shown [18]. He in Ref. [36] highlights effective 
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thermal conductivity models for nanostructured insulations. That paper presents a simple volume fraction model for understanding the 
thermal conductivity of composites. Wang with his colleagues pointed on that the aerogel thermal conductivity can be enhanced by 
graphene, while it also improves its thermal stability [37]. Among the publications found in the literature regarding the heat con
duction equation, I would like to mention the one that describes well how the above relationships can be interpreted in space and time 
(t, s) if we have temperature-dependent material characteristics:  

ρcp(dT/dt) = ∇(λ∇(T))                                                                                                                                                  (7) 

In this equation, the author assumes that there is no dissipation, the pressure is constant and there is no heat source [38]. In some 
thermochemical and thermomechanical treatment processes, such as nitriding, it is almost impossible to determine the temperature at 
the interface with sufficient accuracy. This can only be determined by measuring the temperature inside the solid body and solving the 
problem inversely. In a non-steady state:  

ρ[T]cp[T](dT/dt) = ∇(λ[T]∇(T))                                                                                                                                    (8) 

It should also be mentioned that the thermal diffusion coefficient (DT, m2/s) defined by equation (9) can be used well to describe 
transient processes [39]. The most significant difference between the two factors (λ and DT) is their application. While the thermal 
conductivity coefficient (λ) is mostly used in building physics and building energy to characterize cases that are stable over time (in 
steady-state), diffusivity (DT) is used for cases that vary over time, for non-steady or transient cases, where temperature rapidly 
changing.  

DT = λ/ρ × cp = = λ/ceff                                                                                                                                               (9) 

In this formula, ρ is the density of the material measured of the quantity in unit space, cp defines the absorbed heat of a substance 
with unit mass during heating (J/kgK) is the specific heat, and Ceff (J/m3K) is the product of these two, the so-called effective heat 
capacity or volumetric heat capacity defining the heat-storing ability of the substance with unite volume. It must be stated that these 
are all temperature related in reality. However, while the role of the thermal conductivity factor is well known, the part represented by 
the above equations can be easily misunderstood. In a material with a high thermal diffusion coefficient, heat quickly passes from the 
side with a higher temperature to the side with a lower temperature. The above model should be applied in 1 dimension to a ho
mogeneous and isotropic medium in a steady state if the case is independent of temperature and there is no heat source. 

In Fig. 1a one can see the heat transfer methods through the fibre-reinforced aerogel. Through the skeleton of the aerogel, the heat 
can propagate as conduction (λcs), and from the warm side to the cooler one it transports as an electromagnetic wave (λr), while the 
convection (λconv) and conduction part of the gaseous thermal conductivity (λcg), is reduced. Besides this, in Fig. 1b the heat transfer 
processes are highlighted inside the graphite EPS material. In this case, the conductive part of the heat is transported through both the 
gas part and the solid phase, while the convective part also exists. However, it is noteworthy that the radiative part of the heat is 
reduced through partial reflection and absorption on the graphite particles (grey circles) and it is highlighted through the transition of 
the continuous orange waves to dashed lines. 

2. Materials and methods 

2.1. Investigated materials 

2.1.1. Graphite expanded polystyrene 
It was presented earlier that expanded polystyrene (EPS) is a commonly used conventional insulation and a type of it is the graphite 

enhanced one. EPS is produced in different densities and compressive strengths. Depending on the density (10–35 kg/m3) it’s thermal 
conductivity can vary in the range of 0.033–0.046 W/mK. Since expanded polystyrene is one of the most widespread thermal insu
lation materials around the world, the examination of its physical and chemical properties is also a leading topic in international 

Fig. 1. The heat transfer through the insulation a) fibre-reinforced aerogel and b) graphite-enhanced polystyrene.  
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research institutes. In addition to conventional thermal insulation materials, the so-called “advanced” (also known as “nano-tech
nological”) thermal insulation materials, graphite-doped expanded polystyrene and aerogel-based thermal insulation products are 
increasingly appearing. For these materials, the “nano-technological” indicator mostly refers to production. The production method of 
thermal insulation materials doped with graphite is similar to the production of expanded polystyrene, however, when the foaming 
agent (pentane) is added, micro- and nano-sized graphite powder or carbon black particles are simultaneously added to the melt, thus 
reducing the material’s thermal conductivity. Due to the good ability of graphite to absorb heat radiation, the thermal conductivity of 
the whole material can be even 20–40% lower than that of “traditional” (white) coloured polystyrene sheets [12,14,23,24]. The 
graphite-doped thermal insulating material has considerably improved thermal insulation ability, more than the pure white products. 
It is constructed on polystyrene and small-scale carbon contaminants as an additive in the course of the polymerisation, presented by 
the research groups of Park and Xiao [40,41]. The carbon additive decreases the radiant heat transport in the cells of the polystyrene 
and hence the thermal conductivity of the material will be further improved. In the graphite-fixed EPS slab, the infrared (IR) thermal 
radiation is considerably decreased by the radiation-absorbing and reflective carbon grind particles on the wall of the cell. Zhang et al. 
presented flame retardancy while Blazejczyk pointed out that, the nano and micro-sized carbon elements play a role as a heat mirror, 
thereby decreasing the thermal conductivity of the thermal insulation material [42,43]. 

2.1.2. Aerogels 
Silica aerogels are silicon dioxide-based materials, with a dendritic network of silicon-oxid atoms. The preparation of the materials 

is the following. First, we should fill the fibreglass net with the sol-gel for reinforcement and stability. Secondly, it is super-critical to be 
extracted with CO2, and lastly, the fibrous aerogel material is ready to be rolled. The size of the nanopores is smaller than the length of 
the wave of the IR heat, since their surface reflects and scatters most of the heat [10]. Various products have various thermal con
ductivity coefficients, but these values are usually less than 0.026 W/mK, which is the thermal conductivity of air at room temperature 
[11]. They can be produced with different densities of 70–200 kg/m3 with varying thermal conductivity factors of 0.013–0.025W/mK 
[19–21]. They have good light transmission and sound insulation. Due to their smaller thermal conductivity, they can also be applied 
as thermal insulation in smaller widths. The excellent thermal properties of aerogels were also presented [27,28]. During our tests, we 
examined two different aerogel forms, slentex and pyrogel thermal insulation. 
2.1.2.1. Slentex aerogel. This material is a novel high-performance insulating material, non-flammable and flexible. It is practically an 
improved version of spaceloft aerogel. Slentex is an easy-to-process and non-combustible material, based entirely on mineral raw 
materials. It is now available as a single-layer, flexible mat for a variety of applications. Slentex thermal insulation is also known as 
spaceloft A2. Due to these properties, it is mainly used on surfaces where increased fire safety is sought. 
2.1.2.2. Pyrogel aerogel. Pyrogel is a high-temperature insulating blanket made from silica aerogel and a non-woven blanket of carbon 
and fibreglass. Silica aerogels have the lowest thermal conductivity of all known solid materials, but not all of them can be used at 
650 ◦C, which is mandatory for a nuclear power plant. Pyrogel fulfils this criterion, which is why it is a flexible, environmentally 
friendly and easy-to-use material that is extremely suitable for the thermal insulation of industrial heat transfer systems and ideal for 
industrial applications. Pyrogel is an essential material for those who want ultimate heat protection. Silica pyrogel is specially designed 
for pipelines. 

The declared and measured properties of the tested materials are highlighted in Table 1 and collected from Refs. [24,44]. 

2.2. Moisture-related investigations: sorption and hydrophobic experiments 

Sorption isotherms of the samples were measured with the combinations of a milligram preciseness balance, with both VentiCell 
drying equipment and ClimaCell climatic chamber. For the measurements, four samples from each with a 10 cm × 10 cm base area 
were used, and the final results were the average of the four measurements. The experiments were executed at 23 ◦C under varied 
relative humidities (30, 50, 65, 80 and 90%) following the rules presented in EN ISO 12571 standard. Sorption isotherms give in
formation about not only the wetting properties of the samples but their surface microstructure, too [11,45]. With an optical mi
croscope, the surface of the samples was also analysed through hydrophobicity experiments [24]. 

2.3. Investigations with Netzsch HFM 446 equipment: thermal conductivity and specific heat 

Both thermal conductivities and specific heat capacities of the bulk samples with 20 cm × 20 cm base were analysed with a Netzsch 
Heat Flow Meter 446 S equipment. With this equipment, both the thermal conductivity and the specific heat capacity of thermal 
insulation materials can be reliably measured. The equipment is calibrated and the accuracy of the measurement results is about 2%. 

Table 1 
The measured and declared properties of the samples.  

Material constants by manufacturer Graphite EPS Slentex Pyrogel 

Compressive strength at 10% strain [kPa] 80 30 80 
Usage temperature [oC] <70 400 650 
Thermal conductivity at 10 ◦C [W/mK] 0.031 0.019 0.02 
Declared density [kg/m3] 14–15 185–200 190–200 
Fire resistance class E A2-s1, d0 A2-s1, d0 
Contaminants C, O, H C, O, Na, Mg, Al, Si, K, Ca O, Mg, Al, Si, Ti, Fe, Ca, S 
Measured thickness [cm] 2.95 1.02 0.98 
Measured density [kg/m3] 15 188 192  
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This equipment is supported by a Julabo cooler, to reach the thermal equilibrium of the plates on the samples quickly and reliably. The 
thermal conductivities of both individual samples (graphite EPS, slentex and pyrogel) and their combinations (graphite EPS-slentex 
and graphite EPS pyrogel) were measured at 0, 10, 20, 30 and 40 ◦C mean temperatures with 20 ◦C temperature differences. The 
specific heat capacity of both the individual and combined samples was measured at 10, 24 and 40 ◦C temperatures through a stepwise 
method of the equipment. To reach both the thermal conductivity and specific heat capacity values three measurement rows were 
executed [24,28]. 

2.4. Differentiated scanning calorimetry 

Heat flow measurements in the function of temperature were executed with Netzsch Sirius 3500 differentiated scanning calo
rimeter. The measurements were executed on ground samples having 5–8 mg mass placed in an alumina crucible, in a Nitrogen at
mosphere, from 0 ◦C to 50 ◦C with 5 K/min heating rate [24]. 

2.5. Infrared absorption tests 

Following the procedure presented in Refs. [24,46,47] infrared (IR) absorption test was executed, too. The samples were placed 
under a Philips short-wave IR lamp that had 100 W as a source together and their surface temperature during the illumination was 
registered with a thermo-camera Testo type 868 after 30, 60, 90 and 120 s, IR images were also registered at the mentioned point. On 
the one hand, the results of this experiment could be a good opportunity to see the possible effects of irradiation on the tested materials. 
On the other hand, with this experiment, we will show the salient IR absorption property of the graphite polystyrene, presented above 
(see Fgure 1b). 

3. Results and discussion 

3.1. Microscopical investigations of samples 

In Fig. 2 one can see the optical microscope images of the samples. Firstly, in the top row, the photo image of the samples is visible, 
graphite EPS, slentex and pyrogel are presented respectively. In the middle row the x5, while in the bottom row the ×20 magnification 
is highlighted. At the bottom and on the left-hand side one can see that the macro pores are enclosed by the graphite eps beads, 
moreover, the cellular structure of the micro pores in the beads is also observable. The slentex (white) aerogel has a fibrous structure 
with a visible inhomogeneous grain size of aerogels. It must be mentioned that the surface structure of the pyrogel (grey aerogel) is also 
fibrous, but the homogeneity of the visible aerogel grains is higher. As it is visible the structure of the slentex is much blockier. 

Fig. 2. Microscope images of the tested samples.  
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3.2. Results of wetting experiments 

In Fig. 3a the measured equilibrium moisture contents in the function of the relative humidity belonging to the samples can be seen. 
Besides the average values, the standard deviations are also plotted on the graphs. From the curves, we can state that the pyrogel has 
the highest affinity to take up water among these three materials, while the graphite EPS and the slentex have almost the same affinity. 
By analysing the shape of the curves, we can state that the pyrogel has a BET III type shape with multilayer bonding of water, while the 
graphite EPS and slentex have a BET II type shape, with continuous water up taking [48]. The investigation of the effect of moisture is 
important because strong direct moisture (rain) may hit the sample during construction and the samples can take up water. 

Fig. 3b represents the hydrophobicity, namely the surface wettability experiments of the three tested samples. It is visible that all 
the samples are hydrophobic with more than 90◦ contact angle. We can state that the contact angles belonging to the aerogels (116.5 
and 110◦) are significantly greater than the contact angle of the graphite EPS (100◦). These observations can be explained by Fig. 2, 
where it is visible that the aerogels had similar structures (fibres and aerogel grains) with a difference in the order of the grains (the 
surface of the pyrogel is much more homogenous), which can result in the 10◦ difference in their contact angles, while the graphite EPS 
has a purely different cellular surface structure. It is presented in Ref. [49] that the aerogels can be produced in superhydrophobic 
form, too. Moreover, it was also stated that the hydrophobization of insulation materials is very important [50]. In this paper it also 
presented that moisture can have a negative effect on the thermal properties of insulation materials such as thermal conductivity. It 
was also presented in Ref. [11] and Ref. [14]. By adding a hydrophobic protective layer, the durability of the material can be extended. 
This results in a higher contact angle. If the contact angle is large, the material is more water-repellent. 

3.3. Thermal conductivity measurement results and theoretical model 

3.3.1. Thermal conductivities of the individual samples 
The thermal conductivities of the probes were characterized by Netzsch heat flow meter. Three samples of each were tested. Firstly, 

the thermal conductivity of the individual samples was measured at 0, 10, 20, 30 and 40 ◦C mean temperatures, with 20 ◦C tem
perature difference. From the results presented in Fig. 4a, we could determine a temperature dependency for all the samples. It is 
noticeable that aerogels have about 7% increase in thermal conductivity between 0 and 40 ◦C, while the graphite EPS has about 19%. It 
shows a strong dependency on the temperature. Thermal conductivities should be tested at different temperatures because the tem
perature in the structure of the building envelope can fluctuate. Similar results were reached in Ref. [51]. 

From Fig. 4b according to ISO 10456 standard [52] a temperature conversion coefficient can be reached from the linear fits. This 
standard provides a procedure to estimate the temperature dependency of the thermal conductivity value of materials between two 
mean temperatures (T0 and Ti) by using FT conversion factor and fT conversion coefficient.  

λT = λ0 × FT                                                                                                                                                                (10)  

FT = exp(fT × (T0-Ti))                                                                                                                                                  (11) 

From Equations (10) and (11) by using the natural logarithm one reaches the next equation:  

ln(λT/λ0) = fT × ΔT                                                                                                                                                     (12) 

From the slope of the function plotted by Eq. (12) one can reach the temperature conversion coefficient of the samples. These results 
are plotted in Fig. 4b. But for comparison, some other results are also given in Table 2. Temperature conversion coefficient can be very 
useful for designing buildings, during the selection of insulation materials. The smaller the temperature conversion coefficient, the less 
the thermal conductivity increases as a result of the temperature. During our measurements, we established that for aerogel samples 
this value can be even half compared to the value of traditional insulation materials (mineral wool, polystyrene). 

Fig. 3a. The sorption isotherm curves of the samples.  
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From Table 2 it can be stated that the slentex and pyrogel insulations have lower temperature sensitivity compared to the other 
materials, while graphite EPS has a close value to the extruded polystyrene. It must be mentioned that these values belonging to the 
graphite EPS, the slentex and the pyrogel are significant and gap-filling results. 

3.3.2. Thermal conductivities of the hybrid-sandwich structured materials 
In this section, we present both measurement results and theoretical calculations to reach the thermal conductivity of the sandwich- 

structured materials. It is well known that the market price of aerogels is high compared to conventional insulations (EPS) as well as in 
some cases they cannot be produced in large thicknesses (>5 cm). It justifies and gives the feasibility of the use of hybrid-sandwich 
combinations of conventional insulations with super insulation materials. In both market and literature, the combination of EPS 
insulations with vacuum insulation panels is well known, therefore in this paper, we try to emphasize the use of the combination of 
graphite EPS insulation with aerogels as a novel solution. We prepared two sandwich structures from the combinations of aerogels with 
graphite EPS. This way we reached a graphite EPS-slentex and a graphite EPS-pyrogel sandwich insulations see Fig. 5 and Table 3. 

In Fig. 6a and b one can find both the measured and the calculated thermal conductivities. From the measured results one can find 
that the combination of the graphite EPS with the slentex aerogel results in lower thermal conductivity (0.0248–0.0292) than the 
sandwich made from the graphite EPS and the pyrogel (0.026–0.0302). For the theoretical approximations of the thermal conductivity 
of the hybrid structures (λh) a theory was applied. Firstly, from the measured thermal conductivities of the individual samples (pre
sented in section 3.3.1) the thermal conductivities of the hybrid structures were calculated [53] by using a thickness fraction model 

Fig. 3b. The hydrophobic experiments of the samples.  

Fig. 4a. Thermal conductivities of the individual samples.  
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presented in Eq. (13).  

λh = 1/(((d1/λ1)+(d2/λ2))/(d1+d2))                                                                                                                             (13) 

The results of the calculations are also plotted in Fig. 6a and b. We can state that the thickness fraction model can be a perfect 
approximation method to reach the thermal conductivity of hybrid sandwich insulations, with the measured values purely analogous 
to the calculated values. 

3.4. Specific heat capacity measurement results and theoretical models 

With the Netzsch 446 heat flow meter, besides the characterization of the thermal conductivity, we could measure the specific heat 
capacity (Cp) of the bulk samples, with the same size samples which we also used for thermal conductivity measurements. In Fig. 7a–c 
we presented our results with the estimated errors for each measurement row. We measured the Cp values of the individual samples 
(graphite EPS and the two aerogels). One can see from Fig. 7a that the highest specific heat capacity value belongs to the graphite EPS 
and a strong increase is deduced in the function of the temperature (10, 24 and 40 ◦C). The measured value for the pyrogel is about 
constant, while about a +6% change was manifested for the slentex aerogel. 

Fig. 7b and c presents both the measured and calculated Cp values for the hybrid-sandwich structures. For the theoretical 
approximation of the specific heat capacity of the sandwich materials (Cp,h) Eq. (14) was used, based on both the measured results 
presented in Fig. 7a and the measured mass (m) [54].  

Cp,h=(1/(m1+m2)) × ((m1 × Cp1) +(m2 × Cp2))                                                                                                            (14) 

Fig. 4b. The temperature conversion coefficient.  

Table 2 
Temperature conversion coefficients of materials.  

Material Temperature conversion coefficient 

Graphite EPS 0.0043 
Slentex (aerogel) 0.00183 
Pyrogel (aerogel) 0.00171 
Spaceloft (aerogel) 0.0027 [28] 
Mineral wool 0.0035 [47] 
EPS 0.003–0.0036 [47] 
Extruded polystyrene 0.0045 [47]  

Fig. 5. The sketch of the measured hybrid structures.  
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Consequently, we can state that this mass fraction model fits well on the measured values for a pre-estimation of the specific heat 
capacity of the sandwich samples with about <3% safety. It is also very important to notice that both the measured and the calculated 
values for the combinations show measurable (~10% increase) between 10 and 40 ◦C. 

3.5. Differentiated scanning calorimetry measurements 

With the Netzsch 3500 Sirius differentiated scanning calorimetry experiments were executed on the ground samples. These tests 
were executed between 0 and 50 ◦C to see the thermal response of the material against heating. From Fig. 8 we can state that the DSC 
sign belonging to the graphite EPS shows a continuously increasing trend, which can be in connection with the drying of the sample 
(dehumidification). While the profile belonging to the aerogels shows a slight hill between 15 and 35 ◦C and then reaches a constant 
value. It could be seen that the course of the DSC curve is similar to the course of the cp values presented in Fig. 7a. For graphite EPS 
both the DSC sign and the Cp values are increasing continuously in the function of the temperature, while the aerogels have a similar 
flattening hill-like trend. 

3.6. Calculations for thermal properties from the measured values 

As it is presented above both the calculations and measurements regarding the thermal properties were executed between 0 and 
40 ◦C. Understanding the possible changes in the thermal properties in this temperature range is very important because the tem
perature profile in building structures can vary between summer and winter in this region in a thermally insulated case. For this, we 
selected the measured results at 10 and 40 ◦C for the following reasons. The declared values by the manufacturers are given at 10 ◦C, 
while 40 ◦C is the upper limit value that we applied. Table 4 presents the results of both measurements and calculations at 10 and 40 ◦C. 
We calculated the diffusivity, the effusivity and the heat capacity per unit volume. The calculations were executed by using the 

Table 3 
The parameters of the sandwich structures.  

Property Graphite EPS-Slentex Graphite EPS-Pyrogel 

Density [kg/m3] 58.75 58.79 
Thickness [cm] 3.97 3.93 
Mass [g] 93.3 94.4  

Fig. 6. The thermal conductivity results of a) Geps-slentex sandwich and b) Geps-pyrogel sandwich.  

Fig. 7a. The measured specific heat capacities of the individual samples.  
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following equation. The thermal diffusivities (DT), as well as the effective heat capacities, were found from Eq. (9), while the effusivity 
(e) was reached from Eq. (15), as  

e=(ρ × cp × λ)0.5                                                                                                                                                         (15) 

From the calculated data in Table 4 one can conclude that the pyrogel insulation has the highest value of effective heat capacity, 
followed by the slentex and the graphite EPS both at 10 and 40 ◦C. The greater the heat capacity of the material, the more heat it can 
store within itself, which can help in the reduction of the temperature fluctuation in the building structure if the material is applied as 
insulation on the wall of a building. Furthermore, effusivity is the measure of the material’s ability to exchange heat with the 
environment. 

Following the theory presented by Salazar in Ref. [37], Fig. 9 was created. From the λ versus DT relation one can make a comparison 
between materials from an insulation capability point of view. It must be mentioned that the best thermal insulation capacity belongs 
to the smallest values, moreover, the values should reach the origin in the figure. To understand the thermal insulation property we 
should focus on the left bottom side of Fig. 9, where both the thermal conductivity and the diffusivity are low. It must be mentioned 
that the diffusivity of the sandwich structured materials approaches the diffusivity values of the individual aerogel samples. The results 
of these calculations provide a clue for researchers, designers, and decision-makers in the initial state of the construction of buildings 
and during the material selections. In Ref. [55] it was also presented that the investigation of carbon-based hybrid insulations is vital. 

3.7. Infrared absorption tests 

Following the research method presented in Refs. [24,44and45], it is worth investigating the infrared absorption of the insulation 
materials. As Fig. 10a presents, a Philips short-wave IR lamp that had 100 W as a source was used for irradiating the insulating 
materials. We illuminated a pure white EPS, a graphite EPS as well as the pyrogel and slentex aerogels. During the illumination, we 
registered the surface temperature with a Testo 868 thermo-camera. With the camera, we took pictures at 30, 60, 90 and 120 s. Fig. 10b 
presents the IR absorption test. Left-hand side the photo image of the samples before and during the test is presented. In the middle and 
right-hand side, the IR camera photoshoots are presented with the measured surface temperatures (red temperatures) belonging to M1, 
M2, M3 and M4 points after 30, 60, 90 and 120 s. From Fig. 10b we can state that the surface temperature of the samples is increasing in 
the function of the illumination. The starting conditioned temperature was about 28 ◦C for all samples, which was equal to the 
temperature of the test room. We observed that at the first 60 s the temperatures raised fast. After 60 s the surface temperatures reached 

Fig. 7b. The measured and calculated specific heat capacity values of the graphite EPS combined b) with slentex aerogel and c) with pyrogel aerogel.  

Fig. 8. DSC analysis of the samples.  
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a value around a constant. One can see from Fig. 10b that the highest surface temperature belongs to the graphite EPS, followed by the 
pyrogel, slentex and white EPS. We stopped the measurement after 120 s and the results are 75, 55, 42 and 36 ◦C for the graphite EPS, 
pyrogel, slentex and white EPS respectively. It is known that the absorption of the radiation depends on several things, such as colour, 
surface roughness and structure etc., which means that the sample with the darkest colour should absorb the most. But the measured 
temperature differences among the samples are big and significant, and it is caused not only by the dark colour. Moreover, it should be 
mentioned that the surface of the graphite EPS made through modification was shrunk and transformed due to the illumination, which 
states the good IR absorption capability of the graphite EPS presented in Fig. 1b. The investigation of the effect of irradiation on the 

Table 4 
The calculated thermal properties.  

10 ◦C Diffusivity, DT [m2/s] Effusivity, e [J/m2Ks1/2] Heat cap. per unit volume Ceff, [J/m3K] 

Graphite EPS 1.95E-06 22 15450 
Slentex 1.21E-07 53 150996 
Pyrogel 1.15E-07 60 178538 
Geps – Pyrogel 4.90E-07 39 55285 
Geps – Slentex 4.98E-07 37 52008 
40 ◦C 
Graphite EPS 1.91E-06 25 17907 
Slentex 1.23E-07 55 157639 
Pyrogel 1.19E-07 63 182304 
Geps – Pyrogel 5.14E-07 42 58833 
Geps – Slentex 5.29E-07 40 55303  

Fig. 9. Thermal conductivities in the function of the diffusivities.  

Fig. 10a. The test method for the infrared absoprtion  
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parameters of insulation materials is momentous because strong direct sunlight may hit the sample during construction. For this, the 
materials such as graphite EPS should be protected from sunlight. In our country, the thermal insulation of buildings is executed in 
spring, autumn and surely during summer. In countries where the summer is hot and shiny the insulating of buildings should be 
executed rapidly, and by using shades. We must mention that examinations of aerogels with a thermo-camera prove good results from 
the temperature-induced changes of samples [56]. 

3.8. Overall comparison of the results 

Finally, in Table 5 we would give an overall comparison of the measured results what can be useful for readers during their design. 
Based on the measured results collected in Table 5 we could give a potential usage for the samples. It should be noticed that in an 

environment where humidity occurs, the use of pyrogel is not recommended, due to its high water up-taking capability. The least 
thermal conductivity belongs to the slentex aerogel with an advantage of about 12 and 65% compared to pyrogel and graphite EPS 
respectively. Based on this we recommend using slentex and pyrogel aerogels where the available space for the application is about 
1–3 cm. The graphite EPS could be a good solution for application by the external wall taking into account the price. But, it should be 
mentioned that this material is very sensitive to both infrared waves and temperature, so during the implementation of the building, it 
needs special attention. The results of this paper provide a clue for researchers, designers, and decision-makers in the initial state of the 
construction of buildings and during the material selections. Regarding pyrogel, it is said by the manufacturer’s product sheet product 
that it can be used for thermal insulation of the service elements of power plants. For this, as a plan, the thermal stability of the samples 
should be investigated in future. 

4. Conclusions 

These days the applications of insulation materials are more important than ever not only for buildings but for vehicles, too. The 
comprehensive laboratory tests of insulation materials with high performance are extremely important in both building energetics and 
thermal engineering. In this paper, we present a comprehensive laboratory examination completed with theoretical calculations 
executed on nano-structured insulation materials such as graphite EPS, slentex and pyrogel aerogel and their sandwich combinations. 
Moreover, as an introduction to the measurements, a very deep theoretical explanation was given also in this paper regarding the 
thermal conductivity of insulation materials. In this article the following interesting results were presented.  

• Theoretical explanations regarding the thermal conduction in the samples were given both for the tested aerogel samples and for 
the graphite EPS, where the paper stated the good thermal performance of the tested materials. 

Fig. 10b. The results of infrared absorption tests.  

Table 5 
An overall collection of the results.   

GEPS Slentex Pyrogel 

Equilibrium moisture content at 23 ◦C 50% [%] 0.9 0.96 1.6 
Equilibrium moisture content at 23 ◦C 90% [%] 1.19 1.65 5.32 
Contact angle [o] 100.5 110 116.5 
Thermal conductivity at 10 ◦C [W/mK] 0.0302 0.0183 0.0205 
Temperature dependency of thermal conductivity strong weak weak 
Specific heat capacity at 10 ◦C [J/kgK] ~1030 ~800 ~930 
Infrared absorption strong weak medium 
Actual price 130 EUR/3m2 235 EUR/3m2 480 EUR/3m2  
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• Moisture absorption test results showed that the pyrogel aerogel takes up the greatest amount of water among the tested three 
samples, while slentex and graphite EPS takes up about the same amount. Moreover, it was also manifested that this material 
(pyrogel) has the highest hydrophobicity value.  

• The temperature dependency of the thermal conductivity as well as the temperature conversion coefficients were characterized for 
these samples. We stated that the thermal conductivity of the graphite EPS is the most sensitive to temperature change (fluctuation) 
with about 19% change in the temperature range of 0 and 40 ◦C. New temperature conversion coefficients were given for the tested 
three samples and were completed with values available in the literature.  

• Results of the theoretical approximation (thickness fraction model) were compared with measurement results of the thermal 
conductivities of sandwich insulations (graphite EPS-pyrogel, graphite EPS-slentex). From the results we can state the use of 
sandwich structures is a good opportunity and the thickness ratio model for reaching the thermal conductivity of sandwich 
structures is perfect.  

• Specific heat capacities of both the individual and sandwich samples were investigated. The results show that graphite EPS has the 
greatest specific heat capacity followed by the pyrogel and slentex. A mass ratio model was applied to find the specific heat capacity 
of the sandwich samples from the measured values of the individual samples, and the results differed from the measured values by 
only 2%.  

• Thermal properties (diffusivity, effective heat capacity) of the samples for both individual samples and sandwich structures were 
calculated from the measured values. The paper states that the pyrogel insulation has the highest value of effective heat capacity, 
followed by the slentex and the graphite EPS both at 10 and 40 ◦C. It must be mentioned that the diffusivity of the sandwich 
structured materials approaches the diffusivity values of the individual aerogel samples.  

• Infrared absorption tests proved the high infrared absorption of graphite EPS. 
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Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This paper was supported by the János Bolyai Research Scholarship of the Hungarian Academy of Sciences, grant number: Ákos 
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