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1. Introduction

The reduction of the energy demand of a building is 
mainly achieved by applying thermal insulation ma-
terials on the external enclosures. The use of poly-
styrene or wool materials is dominant, although the 
application of innovative nanotechnology-enhanced 
insulation is widespread. In most countries, thanks 
to the cheap manufacturing processes, polystyrene 
is a valuable material for additional insulation of ex-
isting buildings [1–3]. Expanded polystyrene (EPS) 
is mainly reached by evaporating the pentane to gas 
phase added into the polystyrene balls. Through this 
process white, rigid and open or closed cell foam 
will be formed [4]. To further reduce the thermal 
conductivity of the polystyrene insulation materials, 
graphite nanotubes or carbon particles can be add-
ed to the polystyrene grains during the manufactur-
ing procedure, since these materials have much low-
er thermal conductivity (0.03 W/mK) than the pure 
EPS.

The effective heat fl ow through the sample layer 
can be mainly thought as a sum of conduction across 

the solid matrix, convection of the internal gases in the 
pores and radiation among the solid surfaces. It should 
be mentioned that during a heat transfer process, sev-
eral heat transfer modes occur (so conduction, con-
vection, and radiation coexist), but one of them often 
dominates. Conduction and convection show linear 
dependence from the temperature across a layer of 
insulation, while radiation has an exponential change 
with the temperature difference [5]. Ferkl et al. found 
that the major drawback of low density bulk polymeric 
foams is the large amount of thermal radiation (20–
40%) [6]. Minh-Phuong Tran et al. found that adding 
different types of graphite particles (surface-modifi ed 
nano-graphite particulates, carbon nanotubes, disperse 
graphene fi llers, or graphene oxide) to the polystyrene 
grains during the manufacturing process, the thermal 
conductivity of the composite can be lower signifi -
cantly [7]. Graphite has very good infrared radiation 
absorbing capability and it has a beam scattering be-
haviour, too. In recent years, polymer composite ma-
terials such as EPS with graphite have attracted in-
creasing attention as the new generation of EPS given 
their low thermal conductivity. Since insulation ma-
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terials applied for building structures are effected to 
various temperatures and moisture levels depending 
on the different climatic and the environmental con-
ditions, more investigation of the effective in fi eld be-
haviours of these new products is needed. In fact, it is 
worthy to take environmental fi eld circumstances into 
account when characterizing the thermal performance 
of an insulation material. For example, extremely high 
humidity levels may deteriorate the insulation integ-
rity, increase the weight, and support mould growth 
and bacteria [8]. More importantly, moisture presence 
in an insulation material negatively changes its ther-
mal performance [9]. Besides the measurement of the 
thermal conductivity of insulation materials, moisture 
absorption test should be carried out. A valuable im-
portant property of expanded polystyrene is its water 
un-permeability or resistance. A reciprocal function 
between the density and water content is presented by 
Lakatos and Kalmár in [2] and by Gnip et al. in [10]. 
Besides the operating temperature, the moisture con-
tent inside the material has a signifi cant factor on the 
thermal conductivity due to the presence of a liquid 
phase [11, 12]. In this paper, both thermal conductivity 
and moisture absorption tests of graphite EPS insula-
tion materials provided from fi ve different manufac-
turers will be presented.

2. Materials and calculation methods

2.1. The used samples

Five graphite-enhanced expanded polystyrene insu-
lation materials produced by different manufacturers 

were analysed in this paper; Table 1 reports the sam-
ples tested in this paper.

For the thermal conductivity measurements, 5 cm 
thick samples were received from the companies, then 
they were cut in shapes of approximately 30×30 cm. 
For the sorption kinetic investigations, samples with 
10×10 cm were used.

2.2. The wetting kinetic curves and moisture 
absorption

The wetting measurements were carried out following 
the ISO standards 12571 and 15148. These standards 
prescribe the measurement orders both for the sorption 
isotherms measurements and for the determination of 
the water absorption coeffi cient.

The wetting experiments were executed after 
desiccating the samples in a VentiCell drying cham-
ber to changeless weight in accordance to the above 
mentioned standard. Constant mass can be consid-
ered if the change of mass among three consecutive 
weight measuring made 24 hours apart, is less than 
0.1% of the total mass. In this equipment, the samples 
were dried at 70 °C ambient temperature. The drying 
temperature was chosen because during the thermal 
annealing process at this temperature, the samples do 
not suffer any changes in their physical and chemical 
properties; furthermore, this temperature is rather less 
than the melting point of the EPS materials. The am-
bience of the air inside the chamber can be reached 
by an inbuilt ventilator. To determine the wetting ki-
netic curves, three samples from each type were kept 
at 293 K temperatures in the climatic chamber under 

Table 1. Photos of the tested samples with indication of their densities and dimensions

No. 1: 17.13 kg/m3 No. 2: 14.35 kg/m3 No. 3: 15.40 kg/m3

No. 4: 15.06 kg/m3 No. 5: 16.52 kg/m3

5 cm

10 cm
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tion isotherm curve where it is indicated that over 80% 
relative humidity the most quantity of the water occurs 
in liquid phase, as shown in Fig. 1 [16].

2.3. The thermal conductivity measurements

The measurements were executed according to the 
ISO 12664 standard. The measurements were carried 
out after drying to changeless weight at 70 °C similar-
ly as mentioned above. In order to measure the ther-
mal conductivity of each graphite polystyrene sample, 
a Holometrix 2000 Heat fl ow meter (HFM) was uti-
lised. The apparatus is designed to determine the ther-
mal conductivity of insulation materials in agreement 
with standard ASTM C518.

Five different graphite EPS samples, each type 
with about 30×30×5 cm geometry were positioned in 
the test area between two plates which were kept at 
 different temperatures (T1 = 12 °C and T2 = 22 °C) 
 during the measurement. After reaching thermal equi-
librium and raising a uniform temperature gradient 
within the material, thermal conductivity is deter-
mined. To determine the lambda value of a sample, 
fi ve tests were executed on each. The fi nal result of 
analysed material was the average value of the fi ve 
measured results according to the ISO 10456 [17].

2.4. The declared thermal conductivity

At macroscopic level, the effective thermal conduc-
tivity largely depends on the following factors: pres-
sure ( p), density ( ρ), moisture content (ω), tempera-
ture (T), and its age [18]:

 λ = f  (p, ρ, ω, T, age) . (3)

In  accordance with the ISO 10456 standard, the 
infl uence of moisture, temperature and age are inde-

90% RH for 20, 40, 60, 120, 240, 450, 960 and 1440 
minutes (24 hours). For each wetting time, dried sam-
ples were used. The water/moisture content (ω %) of a 
solid material can be reached from the following equa-
tion:

 100,w d

d

m mg %
g m

ω −⎛ ⎞
= ×⎜ ⎟

⎝ ⎠
 (1)

where, md and mw are the masses of the dried and hu-
mid samples, respectively. The results were evaluat-
ed by averaging the three measurement results after 
a certain wetting time at 90% relative humidity, and 
60 °C temperature. The ISO 15148 reports the method 
for the determination of the water absorption coeffi -
cient of the materials. This standard suggests estimat-
ing the Aw value with direct contact of the water (par-
tial immersion) as:

 ,w d
w

m m
A

A t
−

=  (2)

where Aw is the water absorption coeffi cient in 
kg/ m2s1/2. As the defi nition, the water absorption co-
effi cient Aw can be reached by the slope of the fi tted 
curve divided by the contact area (A) and the square 
root of the time. One of the main moisture transport 
properties is its water absorption coeffi cient. Mukho-
padhyaya et al. investigated the water absorption co-
effi cient of different materials through immersion test 
[15]. As their defi nition water absorption coeffi cient 
of a material manages the liquid moisture movement 
into it. Its relation to moisture/liquid diffusivity was 
also researched. They investigated further the effect 
of the surface temperature in the absorbed amount of 
water. Thinking further these directions, the method 
can be applied for the measurements carried out with 
humidity (climatic) chamber at high relative humidi-
ty (~90%) where direct contact with the liquid water 
cannot be observed. By understanding a normal sorp-

Fig. 1. Sorption isotherm curves (the values of relative humidity divided different moisture accumulation 
processes are hypothetical and would vary depend on the material, too)
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pendent, and can be written as Eq. (3). By using the 
directions of this standards from the measured thermal 
conductivities, declared thermal conductivities will be 
given at 10 °C temperature. The full procedure for the 
calculation of the declared values is reported in Refs 
[5, 18, 19].

2.5. Measurements of the combustion heat

Bomb calorimetry is a method to determine the heat of 
burning or calorifi c value of solid and liquid materi-
als which are combusted. It is one of the main tests of 
great importance in order to exactly know the burning 
and fi ring properties of the samples. Theory of dry iso-
thermal Calorifi c Value (CV) measurements is the fol-
lowing. The CV of a material is determined by fi ring it 
in a controlled environment (adiabatic chamber). The 
evaluated heat released by this burning, namely the net 
temperature difference depends from the calorifi c val-
ue. In the adiabatic chamber, the thermal environment 
is controlled so that no energy lost or gain is expected. 
CV values were measured by using this apparatus af-
ter drying the three samples from each type of GEPS 
insulating material. After the individual measurements 
the average of the CV values and the estimated errors 
were calculated and represented.

3. Results and discussion

3.1. The moisture kinetic curves and water absorption 
graphs

In Fig. 2 showing the kinetic curves, it is possible to 
see the time evolution of the moisture up-taking pro-

cess. One can conclude that in most of the cases the 
equilibrium occurred. We cannot declare in the fi rst 
case (No. 1 sample) that the process of the fi lling up 
of the pores is fi nished during the given time. For the 
cases No. 2, No. 3 and No. 4, nearly the same quanti-
ties were measured. The highest water content was de-
tected for sample No. 1 and by No. 5.

In Fig. 3, the amount of the sorped water in func-
tion of the square root of the time is depicted for all 
cases. It is feasible to estimate as using the theory in-
troduced in Section 2.2, before the equilibrium state a 
“value” similar to the water absorption coeffi cient pre-
sented in the ISO 15148 can be deduced. These values 
are indicated in the graph. The highest the values the 
highest the affi nity to take up water is. For samples 
No. 1, 3 and 5, nearly the same quantities were man-
ifested, while the highest value was reached for the 
sample No. 2.

3.2. The result of the thermal conductivity 
measurements

Firstly, thermal conductivity measurements were car-
ried out on each sample. From the measurement results 
declared values were calculated to 10 °C by using the 
calculation procedure of the standard ISO 10456 see 
Ref. [17] and were compared to the values given by 
the manufacturers. From Fig. 4, it is observable that in 
all cases the calculated declared values are higher than 
the other two lambda values. The results of the samples 
No. 1, No. 2, and No. 4 are showing nearly the same 
trends, with similar differences among the values.

Here it has to be noticed that the values given by 
the manufacturers are lower than the other values ex-

Fig. 2. Moisture kinetic curves of the samples investigated in this paper
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cept for the results of the sample No. 3. The difference 
between the measured value and the calculated de-
clared value originates from the calculation method. At 
fi rst, for the calculation the mean value and the stand-
ard deviation should be given, by knowing the limit 
value for the tolerance interval. In the cases of sample 
No. 3 and No. 5 one can observe great difference be-
tween the declared values and the measured ones. It 
resulted from their high standard deviation value and 
from the high dispersion in their measured values.

3.3. Measurement of the combustion heat

In addition to the above presented measurements, the 
calorifi c value of the samples were also measured by 

using Cal2 Eco oxygen bomb calorimeter. In Table 2, 
the measured calorifi c values and the absolut errors fo 
the measurements are reported. In this table it can be 
observed that the results are in the same order of mag-
nitude, with no signifi cant differences.
Table 2. Measured calorifi c values of the samples 
investigated in this paper

Samples Calorifi c value [MJ/kg] Abs. Err. ±

No. 1 35.45 1.02
No. 2 33.59 0.62
No. 3 37.68 1.00
No. 4 34.10 1.65
No. 5 35.15 1.69

Fig. 3. Moisture absorption graphs of the samples investigated in this paper

Fig. 4. Thermal conductivities values of the samples investigated in this paper
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4. Conclusions

In this article, laboratory measurements were carried 
out on fi ve different graphite-enhanced polystyrene 
insulations and the results were combined with cal-
culations. Measurements were executed in particular 
to the thermal conductivity, water up-taking capabil-
ity and calorifi c value. By using standards and theo-
ries declared thermal conductivities and values simi-
lar to the water absorption coeffi cient were deduced. 
From the measurement results we can state that differ-
ent types of graphite EPS materials behave different-
ly from the thermal investigations point of view. They 
have different thermal conductivities and they show 
different behaviour in the humid environment. These 
deviances can originate from the different processes 
of manufacturing, but mostly originate from the dif-
ferent amount of graphite particles added to the ma-
terial’s matrix. The number of the pores and the pore 
structure, as well as the amount of graphite particles 
regulates mainly the value of the thermal conductivity 
and the amount of the water taken up. The homogene-
ity of each type of the samples will result small stand-
ard  deviations for the calculated thermal conductivi-
ties. The results can also be important for practition-
ers, designers and for manufacturers.
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