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Abstract: Although polystyrene materials with added graphite are actively used for the thermal
insulation of buildings, there are serious problems with the detachment and warping of these
materials under the influence of solar radiation. However, no systematic studies have yet been carried
out on the aging of polystyrene under exposure to solar radiation. The article presents research aimed
at determining changes in the thermal conductivity, compressive stress, tensile strength, and water
absorption of expanded polystyrene with the addition of graphite, exposed to direct solar radiation
under in situ conditions. For this purpose, expanded polystyrene (EPS) with the addition of graphite
(gray EPS) and expanded polystyrene made of composite panels (gray EPS and white EPS) were
exposed to direct solar radiation under in situ conditions. A third sample (reference), which was
entirely white polystyrene (without the addition of graphite), was included in the tests. The results
showed that expanded polystyrene with the addition of graphite degraded under the influence of
direct solar radiation but improved its strength properties. Expanded polystyrene made of composite
improved its compressive strength properties by nearly 11 kPa (18%), and expanded polystyrene
with the addition of graphite improved its compressive strength properties by 0.4 kPa (0.5%). And
the tensile strength for composite-made expanded polystyrene increased by 7 kPa (9%), and that for
expanded polystyrene with the addition of graphite increased by 26 kPa (37%). At the same time,
water absorption for expanded polystyrene made of composite also increased by 0.06 kg/m? (60%),
and that for expanded polystyrene with the addition of graphite increased by 0.04 kg/m? (44%).

Keywords: expanded polystyrene (EPS); gray polystyrene; sun; strain; strength; absorption

1. Introduction

A significant part of building materials have insufficient thermal insulation properties,
leading to a significant increase in global energy consumption and carbon dioxide emissions
in the housing sector [1,2]. As described in the literature, the construction industry is
responsible for more than 40% of global energy consumption and 56.7% of carbon dioxide
emissions [3,4]. Insulating materials used in construction should help protect the climate,
which is one of the most important issues in the modern world [5,6]. Thermal insulation is
a material or combination of materials that, when properly applied, reduces heat losses
that occur through conduction, convection, and radiation [7]. As a rule, such materials are
environmentally friendly and extend the periods of thermal comfort in rooms, and apart
from other advantages, they reduce noise levels or increase fire protection [8]. Sustainable
insulation products with lower embodied energy and reduced environmental emissions are
increasingly popular, and a large number of innovative types of insulation are constantly
entering the market [9]. Conventional materials preferred in construction due to the use of
thermal energy storage and due to their low thermal conductivity and low cost include
polyurethane (PUR), polyisocyanurate (PIR), extruded polystyrene (XPS), and expanded
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polystyrene (EPS) [10]. These materials affect both the thermal accumulation capacity of
walls and their thermal insulation. Insulating materials provide high thermal resistance by
reducing the rate of heat flow [8,11]. In many works in recent years, it has been observed
that thermal conductivity is a function of factors such as humidity, temperature, and
density [12-14].

One of the commonly used materials is expanded polystyrene (EPS), which, due to
the 98% air content, has a fairly low density in the range of 20-30 kg/m?3 [15-17].

The literature offers research studies on changes in the effective thermal conductivity of
insulating materials after rapid aging by exposing them to elevated temperatures, relatively
high humidity, and freeze-thaw cycles [12], as well as their flammability [18,19]. We can
also find studies on the effect of sunlight on polystyrene with the addition of graphite (gray
EPS) [20]. Currently, expanded polystyrene with the addition of graphite is commonly used
for thermal insulation. The effectiveness of its use was confirmed by Lakatos et al. [21], who
tested five different graphite-enhanced polystyrene insulations. The authors concluded
that each of the tested materials had different water absorption and thermal insulation
properties, which may have been due to differences in the manufacturing process. There are
many works on the use of a life cycle approach in the analysis of insulating materials [22-24].
When analyzing the life cycle, we cannot ignore the influence of solar radiation on the
properties of insulating materials.

In an earlier work by the authors of this article [20], the material exposed to solar
radiation was tested under laboratory conditions. This article presents the results of tests of
the material exposed to solar radiation under real conditions over a period of 4 years.

2. Methodology

The subject of the tests involved three EPS boards with a thickness of 0.15 m and
dimensions of 0.5 m by 1.0 m, labeled board A, board B, and board C.

This small number of samples was dictated by the small available research site in situ
and the duration of the investigation (4 years). Taking into account this fact and the fact
that the polystyrene used for testing was typical, i.e., the batches of material did not differ
significantly from each other, a decision was made to use the minimum number of samples.

Board A—Board A consisted of composite polystyrene consisting of two layers—the
main one in the form of gray expanded polystyrene and the additional one with a thickness
of 0.006 m in the form of white expanded polystyrene (the layer protecting the gray layer
against solar radiation). Samples were numbered as follows:

2—Sample before exposure to solar radiation;

5—Sample after exposure to solar radiation.

Board B—Board B consisted of a polystyrene board made entirely of expanded polystyrene
with graphite content (gray polystyrene). Samples were numbered as follows:

3—Sample before exposure to solar radiation;

6—Sample after exposure to solar radiation.

Board C—Board C consisted of expanded polystyrene without the addition of graphite
(white polystyrene) with enhanced technical parameters. Samples were numbered as follows:

1—Sample before exposure to solar radiation;

4—Sample after exposure to solar radiation.

The polystyrene boards remained glued to the wall surface for 4 years. At that time,
they were not protected or shielded against the adverse effects of external environment
conditions in any way.

2.1. Emissivity of the Boards

The emissivity of the boards has already been determined in the preliminary research
carried out by the authors of this article [25].

For the tests under real conditions, the following were used:

e A thermal imaging camera (Teledyne FLIR LLC 27700 SW Parkway Ave, Wilsonville,
OR, USA) with a temperature measurement range of —20 °C =+ 1500 °C, resolution
of 161,472 pixels, thermal sensitivity for the lens of 42° x 32° < 30 mK, IFOV spatial
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resolution of 2.41 mrad/pixel for the lens 42° x 32°, and segmental spectral sensitivity
of 7.5-14 um;

o The VantagePro2 meteorological station (Davis Instruments, Hayward, CA, USA)
with the temperature measurement range of —40 °C <+ 65 °C % 0.5 °C, humidity of
1% =+ 100% = 3%, and solar radiation intensity of 0-1999 W/m? £+ 1 W/m?.

The station consisted of a console connected to an integrated set of ISS sensors, which
included temperature sensors.

The tests were carried out on a stationary in situ test stand, which was located in a place
with the geographical coordinates 18°54" E, 50°10" N. The tested expanded polystyrene
boards were glued to the wall with southern exposure to solar radiation using a dedicated
polyurethane adhesive (Figure 1) [25].

Figure 1. View of the facade panels on the test stand.

2.2. Thermal Conductivity Measurements

The study was carried out according to the following procedure:

1. For the sample preparation, a sample of 600 x 600 was prepared from a board
with dimensions of 1000 x 500 x 1500 mm. The test sample consisted of three parts,
600 x 500 mm, 500 x 100 mm, and 100 x 100 mm.

2. Conditioning occurred at a room temperature of (23 & 2) °C and a relative humidity
of (50 & 5)% for at least 14 days.

3. Measurements were carried out according to the EN 12667 standard [26].

The apparatus was the FOX 600 by LaserComp (LASERCOMP, INC., Wakefield, MA, USA).
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2.3. Measurements of Compressive Stress

The study was carried out according to the following procedure:

1. For the sample preparation, 3 samples of 150 x 150 x 150 mm were prepared from
a board with dimensions 1000 x 500 x 1500 mm. Samples exposed to weather conditions
were cut from a board with dimensions of 500 x 500 x 150 mm.

2. Conditioning occurred in normal conditions for at least 14 days.

3. For pretension of (50 & 5) Pa, the test continued until the sample deformed 10%.

The used equipment was the Matest 20kN MAtest Service testing machine (MATEST
S.p.A. Viale Mantegna, Ascore, Italy) [27], wherein

Fio .3
= —"10°, 1
10 = 2. 1
where Fjj is a force corresponding to 10% of the strain [N] and A is the initial surface area
of the sample (100 x 100) mm [mm?].
The test was carried out at a temperature of (23 & 5) °C.

2.4. Tensile Strength Measurements

The study was carried out according to the following procedure:

1. For the sample preparation, 3 samples of 150 x 150 x 150 mm were prepared from
a board with dimensions 1000 x 500 x 1500 mm. Samples exposed to weather conditions
were cut from a board with dimensions of 500 x 500 x 150 mm.

2. Conditioning occurred at a room temperature of (23 £ 2) °C and a relative humidity
of (50 & 5)% for at least 14 days.

3. For pretension of (10 £ 1) mm/min, the test continued until the sample deformed 10%.

The used equipment was the Matest 20kIN MAtest Service testing machine [28], wherein

Ot = 10 @

where F, is the maximum tensile force [kN] and A is the surface area of the sample
(100 x 100) mm [mm?].

The test was carried out at a temperature of (23 £ 5) °C.

2.5. Water Absorption Measurements

The study was carried out according to the following procedure:

1. For the sample preparation, 4 samples with dimensions of 100 x 100 mm were cut
from an EPS board with dimensions of 1000 x 500 mm.

2. Conditioning occurred under normal conditions for at least 14 days.

3. The test was carried out in accordance with the standard EN 1607 [28].

Water absorption at long-term partial immersion Wlp was defined as

Mmog — 1o

Wy = T,

(3)

where my is the sample weight before testing [kg], m)g is the weight of the sample after
28 days of partial immersion in water [kg], and A, is the bottom surface of the sample
immersed in water [m?].

3. Results and Discussion

The results of climate measurements are presented graphically. The research was
carried out as continuous measurements using the local meteorological station VantagePro2
Davis Instruments. The outside air temperature was measured at a height of 200 cm
above ground level. The measurement started at 0:00 on 1 September, 2018, and ended on
13 October, 2022, at 7:00. The findings were recorded every 10 min as a ten-minute average.
A total of 204,008 measurement results were recorded. During the first full measurement
period (from August to July of the following year), the minimum external temperature
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te min = —10.8 °C and the highest te max = +36.9 °C were recorded. The following year was
characterized by the lowest temperature amplitude. In winter, the minimum temperature
was te min = —6.9 °C, and the highest was te max = +32.7 °C. The third measurement year
was characterized by the lowest temperature during the investigation, which was te min
= —16.2 °C. The highest temperature was te max = +33.8 °C. In the last year, no extreme
temperature values were recorded either in summer or winter. Figure 2 shows the results
of the outdoor air temperature measurement.

40

Outdoor temperature [°C]

—20

97,933
204,008

Number of the averaged measurement

Figure 2. Temperature distribution over 4 years.

Measurements of the intensity of solar radiation were also performed in the horizontal
plane (Figure 3). In the case of the impact of solar radiation intensity, in the first year of the
study, the highest number of hours with an intensity ranging from 600 to 1000 W/m? was
recorded. The fewest number of days with the intensity exceeding 600 W/m? was recorded

in the second year, despite the occurrence of its local maximum values throughout the
entire measurement period.

1400
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800 -
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Intensity of solar radiation [W/m?]

97,933
204,008

Number of the averaged measurement

Figure 3. Distribution of solar radiation onto the horizontal plane over a period of 4 years.
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In situ research was based mainly on thermal imaging measurements. Measurement
elements in the form of measurement points (Sp), measurement lines (Li), and rectangular
areas (Bx) were applied to the thermal images of the analyzed objects. An exemplary
thermogram of the measurements is shown in Figure 4. The highest measured temperature
on the thermal insulation surface exceeded 80 °C for board B. Much lower maximum tem-
peratures were recorded for board A, slightly exceeding 40 °C. Board C was characterized
by a surface temperature lower than max. 6 °K compared with board A. The temperature
distribution within the individual polystyrene boards was, of course, dependent on the
speed of the acting wind. This was especially visible on the surface of board B (Figure 4).
The impact of the wind caused dynamic temperature changes that were recorded in a
thermal imaging camera and presented on a thermogram in the form of the so-called heat
plume. In the case of plates A and C, local point growths in temperature were observed
in the thermograms. They were related to small inclusions of single graphite polystyrene
granulates and, in the case of board A, to the penetration of the graphite polystyrene layer
under partially melted white polystyrene balls (a layer of small thickness). However, such
situations occurred relatively rarely (Figure 1). The expanded polystyrene boards were
subjected to the non-uniform influence of solar radiation because of the proximity of the
surrounding objects. This resulted in the presence of shading at certain times of the day
(Figure 5). This resulted in temperature differences within the graphite polystyrene board
exceeding 30 °K during periods of exposure to high-intensity solar radiation. This uneven
heating of the polystyrene boards may consequently lead to their partial deformation.

A—Board A B—Board B C—-BoardC
A /¥ Maximum / Minimum temperature in the field (Bx) or on the line (Li)

Temperature at point (Sp)

Bxl Max 39.7 °C 20'%%%20 s ey — g 76.7°C
Min 33.0°C v M
Average | 34.2°C

Bx2 Max 77.4°C
Min 59.9 °C
Average | 72.5°C

Bx3 Max 34.8 °C
Min 29.0 °C
Average | 29.8 °C

Spl 33.9 °C

Sp2 33.5 °C

Sp3 54.6 °C

Spa 76.8 °C

Sp5 31.1°C

o, o
365 293¢ FLIR2364.jpg FLIR E95 7850 27.7°C

Figure 4. Exemplary measurement of temperature distribution on the surface of three panels when
exposed to direct solar radiation.

_A— Board_A_ 8—Board B - c- B?ard C ) ) Bxl Max 36.1 °C Bxl Max 34.7 °C

A /¥ Maximum / MInImL-Jm temperature in the field (Bx) or on the line (Li) Min 28.9 °C Min 28.5°C
Temperature at point (Sp!“.n Average | 30.0°C Average | 28.8°C
Bx2 Max 61.3 °C Bx2 Max 66.3 °C

Min 28.6°C Min 32.3°C

Average | 43.4°C Average | 52.9 °C

Bx3 Max 25.3°C Bx3 Max 33.7°C

Min 24.5°C Min 30.6 °C

Average | 24.9 °C Average | 31.2°C

Spl 60.1°C Spl 64.0 °C

“ Sp2 36.4 °C Sp2 45.6 °C

Sp3 29.6 °C Sp3 34.0 °C

Li1  Max 58.6 °C Lil Max 64.5 °C

Min 24.6 °C Min 33.0°C

Average | 32.5°C Average | 51.5°C

Li2 Max 53.0 °C Li2 Max 64.4 °C

Min 28.9°C Min 28.6 °C

Average | 42.1°C Average | 38.6°C

Figure 5. Thermograph demonstrated in different shading conditions.
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First, for EPS samples, which were subjected to aging at a later stage, the thermal
conductivity coefficient was determined by means of measurements (Table 1).

Table 1. Thermal conductivity coefficient of the boards.

Thermal Conductivity Coefficient,

Sample Type Sample Thickness, mm W/mK
Sample A 149.40 0.03061
Sample B 149.64 0.03060
Sample C 149.41 0.03930

The thermal conductivity coefficient for samples after aging was not determined,
because the measurement in the HFM or GHP plate apparatus should be performed on
samples with flat parallel surfaces, without air voids (gaps, pits, or holes) between the
apparatus plates and the sample surface. The lack of flat parallelism causes the contact
resistance to be unevenly distributed between the sample and the working surfaces of
hot and cold plates and the thermal flux density sensor of the apparatus. This causes
an inhomogeneous heat flux distribution and distortion of the thermal field inside the
sample. Therefore, accurate surface temperature measurements are difficult to obtain.
In the samples taken from the facade of the building, the surfaces contained a significant
number of holes, especially on the side exposed to solar radiation, and there was also no
surface parallelism required to measure the thermal conductivity coefficient. Eliminating
those surface inaccuracies by cutting off, e.g., 1-2 cm of the layer would have removed the
part of the material that had undergone the greatest changes during the aging process.

The other test results were related to performance under compression conditions. Each
of the samples tested was cube-shaped with a side length of 0.15 m.

Three compressive stress measurements were obtained for each sample. The mea-
surement result was defined as the average with standard uncertainty. The results of the
compression stress at 10% stress are shown in Table 2.

Table 2. Compressive stress results.

Compressive Stress at 10% Strain,

Sample Type Sample Number KPa Standard Uncertainty
2 60.9 4.59
Sample A 5 713 3.13
3 67.9 3.42
Sample B 6 68.2 0.854
1 90.6 3.10
Sample C 4 77.2 0.874

The results obtained (Table 2) indicate that white polystyrene (sample C) had the best
properties because the greatest force must be used to compress it by 10% of the initial value.
It could also be seen that this polystyrene, as the only one among the tested ones, lost
a lot in terms of compressive stress, although the value of 77.2 kPa was still the highest.
Gray polystyrene (sample B) had the worst properties. It should also be noted that gray
polystyrene (sample B) and gray polystyrene with a white polystyrene lining (sample A)
improved their properties in terms of strains. This was probably due to the fact that solar
radiation melted the samples so much that the structure became more consolidated, which
affected the compressive strength. The next results concerned the determination of the
tensile strength perpendicular to the front surfaces. The tested specimens were cube-shaped
with dimensions of 0.15 m. The results are presented in Table 3.
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Table 3. Tensile strength results.

Sample Type Sample Number ﬁg;’ Standard Uncertainty
2 82 15
Sample A 5 89 42
3 70 14
Sample B 6 % 10
1 96 23
Sample C 4 84 9.8

The results indicated that on average, sample C (white polystyrene) prior to the aging
process had the best tensile strength properties. And after the aging process, the decrease
in tensile strength was significant and reached a value lower than that of other samples,
which demonstrated significantly higher tensile strength after aging. The interpretation of
this finding may be similar to that of the compressive stress test (Figure 6).

28
2.6
2.4
2.2
2.0
18 d
1.
1.4
1.2
1.0
0.8
0.6
0.4
0.2 —1

—2
0.0 —3

/

Force [kN]
AVAN

— 0\ \

—0% 06 1z 18 24 30 36 42 48 5
—6

Displacement [mm]

Figure 6. Damage diagrams of the tested samples.

The last parameter tested was water absorption. The results of this study are presented
in Table 4.

Table 4. Water absorption results of the tested samples.

Water Absorption,

Sample Type Sample Number kg/m? Standard Uncertainty
2 0.10 0.033
Sample A 5 0.16 0.034
3 0.09 0.048
Sample B 6 0.13 0.084
1 0.23 0.094
Sample C 4 0.19 0.047

Based on Table 4, it can be concluded that for samples A and B (containing graphite),
the absorption of water after aging resulting from exposure to solar radiation increased.
For sample C (white polystyrene), this effect was the opposite. This may be due to the fact
that solar exposure degraded samples with graphite admixture more than without it.
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4. Conclusions

The test results demonstrated that the influence of solar radiation under in situ condi-
tions on the unprotected samples of the three types of expanded polystyrene was signifi-
cant. Indisputably, gray polystyrene (sample B) had the best thermal insulation properties.
The thermal conductivity coefficient of the tested sample was 0.03061 W/mK. Slightly
lower thermal insulation properties were demonstrated by a composite panel (sample A)
with a top layer of white polystyrene. The lowest thermal insulation properties were found
for white polystyrene (sample C).

1.  Despite the 4-year impact of external environmental conditions on the unprotected
surfaces of the thermal insulation materials tested, there was no significant change in
the thickness of the tested EPS boards. The damage that occurred (holes or polystyrene
melting) was merely local and uneven (random?). As a consequence, they did not
cause significant deterioration of the thermal resistance related to the reduction in
their thickness as a result of ongoing aging processes. It can be assumed that the
dynamics of changes related to the reduction inof the polystyrene thickness were
not constant and changed over time. This has been demonstrated by examples of
unprotected polystyrene exposed to weather conditions for a dozen or so years.

2. Inaddition, under the influence of degradation, expanded polystyrene with an admixture
of graphite (samples A and B) improved its compressive and tensile strength properties.
This may be due to the degradation manner of this material, where the polystyrene balls
stuck together, creating a homogeneous structure (without air). Of course, the increase
in strength did not fully compensate for the effects of such deformations.

3. Definitely, the negative effect of direct exposure of expanded polystyrene with the ad-
dition of graphite (samples A and B) was attributed to an increase in water absorption
of up to 50% (Table 4). This effect was not found for white polystyrene (sample C).
Despite the increase in the strength of samples A and B resulting from exposure to
direct solar radiation, such measures were not recommended.

4.  Gray polystyrene (sample B) after direct exposure to solar radiation deformed so
much that the increase in its compressive or tensile strength did not compensate for
the losses resulting from the boards falling off the building facade.

5. It should be noted that the composite panel (sample A) improved its strength prop-
erties, but its protection with a white coating on the side exposed to radiation may
indicate that there was no significant stress. Such studies are planned in the future
and may yield positive results for such panels.

Although the conclusions are generally well supported, it is important to emphasize
that direct solar radiation is not recommended for EPS, as it can lead to deformation
and other negative effects. Additional research into potential protective coatings or other
mitigating measures would be beneficial.

However, in summary, it should be noted that despite the problems indicated in
this article, the advantage of this material involves its positive impact on sustainable
development in construction. Namely, foamed polypropylene fluidizes under the influence
of heat and then hardens during cooling in a reversible process. Therefore, it can be recycled
for an unlimited period of time.
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