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Physical and mechanical properties of insulation boards with a significant
recycled content for underfloor heating and cooling applications

This paper investigates the physical and mechanical properties of EPS insulation boards
with different shares of recycled material from two sources (construction and packaging).
The influence of recycled content on density, thermal conductivity, compressive strength at
10 % deformation, flexural strength, and tensile strength was analysed. The results show
adecrease in density and mechanical properties, and an increase in thermal conductivity
with increasing recycled content. A non-linear behaviour depending on material structure
was observed. The results indicate the potential application of recycled EPS in underfloor
heating and cooling systems, with limitations at higher recycled content.
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Izvorni znanstveni rad

Rene Kelemen, Domagoj Tkalci¢, Bojan Milovanovi¢, Marko Mudrinic¢

Fizikalna i mehanicka svojstva izolacijskih plo¢a sa znacajnim udjelom reciklata
za podno grijanje i hladenje

U radu suispitana fizikalna i mehanicka svojstva EPS izolacijskih ploca s razlicitim udjelom
recikliranog materijala iz dvaju izvora (gradevinski i ambalazni). Analiziran je utjecaj udjela
reciklata na gustocu, toplinsku provodljivost, tlacnu ¢vrstocu pri 10 % deformacije, savojnu
ivlatnu ¢vrstocu. Rezultati pokazuju smanjenje gustoce i mehanickih svojstava te porast
toplinske provodljivosti s povecanjem udjela reciklata. Uoceno je nelinearno ponasanje
ovisna o strukturi materijala. Dobiveni rezultati upucuju na moguénost primjene recikliranog
EPS-a u podnim plo¢ama za grijanje i hladenje, uz ogranicenja pri vecim udjelima reciklata.

Klju€ne rijeci:
ekspandirani polistiren, reciklirani EPS, fizikalna svojstva, mehanicka svojstva, ploce za podno grijanje i

hladenje
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1. Introduction

Expanded polystyrene (EPS) is widely used in construction and
packaging industries because of its low density, good thermal
insulation properties, ease of processing, and low cost [1]. In
construction, it is employed as a thermal insulation material in
various products and systems. In the packaging industry, it is
used to protect foods, electronic equipment, and other sensitive
products [12, 13]. However, as a result of these applications,
EPS occurs in different waste streams. In particular,
construction and packaging EPS may differ considerably in
terms of origin, material condition, level of contamination, and
potential for reprocessing. Construction EPS most commonly
becomes waste during the production, installation, or removal
of existing construction products [11, 14]. Depending on its
origin, this EPS may be relatively clean, for example, when it
consists of production waste or unused material, but it may
also be contaminated with other construction layers after long-
term use [14]. Packaging EPS, on the other hand, generally
enters waste streams more quickly after use. However, its
properties may be altered by service conditions, contamination,
and previous mechanical damage. Therefore, the origin of the
recycled EPS may have an important effect on the properties of
the new products in which it is incorporated.

Considering the widespread use of EPS as a packaging material,
significant quantities are wasted within a relatively short period
afterits use. Of the total amount of plastic waste (4,440 kt), 61 %
(2,692 kt) came from the packaging sector, and 8 % (372 kt) came
from the construction sector. Compared to the approximately 42
kt of EPS/XPS waste generated within the construction sector,
considerably larger quantities of material enter the waste
management system through the packaging sector [11]. Unlike
packaging EPS, construction EPS remains an integral part of a
construction product or system after installation. Therefore, it
generally enters the waste management system at a later
stage. Furthermore, waste generated during the installation of
EPS must also be considered, including the waste produced by
cutting and fitting boards directly on the construction site.

The challenge of EPS disposal arises from its chemical stability,
nonbiodegradability, and low density, which means that it
occupies a large volume of waste management systems.
Because EPS consists of approximately 98 % air and 2 %
polystyrene [15], its disposal is linked to the broader challenges
of plastic waste management in the European Union. In 2018,
the European Commission adopted the European Strategy for
Plastics in a Circular Economy, which laid the foundations for
reducing plastic pollution [16]. This strategy emphasises the
transition to a circular economy, recycling of plastic packaging,
and a reduction in the use of single-use plastics [16].

In this context, standards are being developed to promote
product design with a focus on recyclability. The standard
HRN EN 18092:2025, Design-for-recycling guidelines for plastic
construction products —Insulation products of expanded polystyrene
(EPS)[14] establishes the principles of the design-for-recycling

approach, including recyclability criteria and recommendations
for the use of energy-efficient recycling processes, with
particular emphasis on mechanical recycling.

According to the 2022 annual work programme for European
standardisation, the intention is to increase the proportion of
recycled materials in external thermal insulation composite
systems (ETICSs) [17]. The EU Taxonomy aims to achieve a
recycling rate of 70 % [18]. Member States or regions have
already introduced requirements concerning recycled content
or intend to do so.

Despite these objectives, according to the current quality
guidelines issued by IVH [19] and FV-WDVS [20], and the
DIN 4108-10 standards [21], the recycled EPS content in
construction products generally ranges from O to 19 % by mass.
The limited availability of reliable data on the physical and
mechanical properties of EPS containing higher proportions
of recycled EPS is one reason for this range. Therefore, an
experimental programme also included a recycled content of 50
% to assess the effect of a higher recycled material content on
product properties.

Although recycled EPS is already being utilized in certain
construction products, the available data on the physical
and mechanical properties of EPS boards containing higher
proportions of recycled materials remain limited, particularly
when recycled materials from different sources are compared.
This is important because the construction and packaging EPS
may differ in terms of material condition, degree of damage,
and possible contamination, which may affect the properties
of new products. Therefore, this study analysed the effects of
the proportion and origin of recycled EPS on the physical and
mechanical properties of insulation boards intended for use in
underfloor heating and cooling systems.

On this basis, the recEPS project, Development of an innovative
insulation board with a significant proportion of recycled material
for underfloor heating and cooling [22], was developed to reduce
the environmental impact through the use of recycled material
in the production of insulation boards. The project included tests
for density, compressive strength at 10 % deformation, flexural
strength, tensile strength, and thermal conductivity.

This study aimed to investigate the physical and mechanical
properties of EPS containing different proportions of recycled
material from two sources, each of which contained fractions
of different densities. The obtained properties were compared
with those of virgin EPS containing no recycled material (O %
recycled content).

2. State of the art

Recycling of EPS insulation materials, particularly packaging
materials, has been widely reported. Production waste and
sorted offcuts from construction sites can be reused in the
production of EPS insulation materials. The amount of recycled
material used in production considerably depends on the
requirements of the intended application. The material used
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in ETICSs is contaminated with rendered and reinforcing mesh
on the outer side and with filler and adhesive on the inner side.
Such material cannot be processed into high-quality products
for ETICS applications.
According to the quality guidelines of the German Association
of Rigid Foam Manufacturers (IVH) and the German Association
for External Thermal Insulation Composite Systems (FV-WDVS),
the recycled EPS content in facade insulation boards must not
exceed 5 % by mass [23]. In applications with less stringent
technical requirements, considerably larger amounts of recycled
material are sometimes permitted or used. Examples include:

- 20 wt % in DEO-type floor insulation (internal insulation
below screed without acoustic insulation requirements)
according to DIN 4108-10[24].

- 20 wt % in DAA-type insulation boards for flat roofs (external
roof or ceiling insulation exposed to weather conditions and
installed below the waterproofing layer) according to DIN
4108-10 [24].

- According to DIN 4108-10, recycled EPS boards can contain
up to 100 wt % recycled granules for DEO-type floor
insulation; drainage boards for perimeter insulation with
a thermal conductivity level of up to 0.035 W/(mK); and
applications involving internal wall insulation (WI), internal
insulation (DI), and insulation between rafters (DZ) [24].

- Loose recycled granules can be used as levelling fill or as a
filler/lightweight aggregate to increase the porosity of bricks
[25].

Polystyrene insulation materials currently entering the waste
stream generally contain the brominated flame-retardant
HBCD. HBCD is covered by the regulation (EU) 2019/1021 on
persistent organic pollutants (POPs) [26]. As this regulation
requires that waste containing POPs be permanently removed
from the economic cycle and excluded from potential recycling
processes, these petroleum-based insulation materials
increasingly need to be collected separately and sent for
energy recovery or disposal. This is achieved or supported
through separate collection required by the Commercial Waste
Ordinance. In the future, the material recycling of EPS insulation
boards will only be possible using HBCD-free EPS. An example
of material recycling is the CreaSolv process [27] which uses
organic solvents for the selective extraction of polystyrene.
In this process, the polystyrene polymer is separated from
HBCD by solvolysis, bromine is recovered, and high-quality
PS granules are produced. A CreaSolv pilot plant is located at
the ICL-IP Europe facility, which is a flame-retardant additive
manufacturer in the Netherlands. However, no industrial-
scale CreaSolv plants are currently available because the small
quantities of waste make their operation economically inviable
[28]. Nevertheless, establishing smaller-capacity pilot plants
is desirable to make the best possible use of the considerably
increasing volume of ETICS waste expected in the near future.
Their implementation requires an optimised logistics concept
in which ETICS waste is mechanically processed at the place

where it is generated to reduce its volume and then transported
to regional CreaSolv processing plants. This requires shorter
transportation distances. However, Croatia currently has no
waste incineration plants authorised for energy recovery from
EPS waste. According to the German Environment Agency, this
process completely destroys HBCD, which is classified as a POP
[29]. The use of HBCD as a fuel substitute in cement or brick
production is illegal because it may not be completely destroyed
by combustion during these processes [28].

3. Description of EPS production and recycling
processes

EPS is generally composed of foamed (expandable)
homopolymers and copolymers of styrene. According to Maul
[20], EPS can be classified into particle, extruded, and integral
foams. These foams are generally produced from polystyrene
that is preformed using blowing agents, which include low-
boiling hydrocarbons such as pentane and chemicals that
decompose and release gas such as azo compounds. Particle
foams are a general term used for foams produced in two
stages.

- Pre-expansion: Pre-expanded particles containing 3.5-7
% pentane as a blowing agent are expanded by steam at
approximately 90 °C to 20-50 times their original size. The
blowing agent evaporates during this process.

- Block foam production: After cooling, the pre-expanded
particles (beads) are foamed for a second time in closed
moulds using steam at approximately 110-120 °C, causing
the beads to fuse into a homogeneous material.

In addition to its extensive use in construction, EPS is widely
used in other sectors including automotive, food, agriculture, and
healthcare[31-34]. In construction, EPS is most commonly used
as thermal insulation in ETICS. However, it is being increasingly
used to produce lightweight concrete and composite materials
[33, 34]. In the healthcare and food industries, EPS is used for
transport packaging, particularly for temperature-sensitive
products [32]. It has a similar application in agriculture, where it
is used as packaging for plant seedlings [32]. In the automotive
industry, EPS is used to manufacture certain moulded vehicle
components [31].

Given the widespread use of EPS across various industries,
significant quantities of waste are generated, which
necessitates effective management. According to a report
by the Global EPS Sustainability Alliance [32], EPS is recycled
in 72 countries, demonstrating its potential for reuse and
sustainability as a material. EPS is currently recycled using three
types of processes: mechanical, chemical, and thermal.

3.1. Mechanical recycling

In mechanical recycling, the material is processed without
changing its chemical structure This is among the most
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commonly used methods for recycling EPS waste. The process
generally includes sorting, washing, and drying EPS waste,
followed by size reduction through crushing or grinding into
flakes, granules, or powder [12]. During crushing, the EPS beads
are physically damaged and lose their optimal shape, which may
reduce their final bulk density. Each mechanical recycling cycle
affects the properties of the EPS to some extent and increases
the heterogeneity of the material. However, the available
literature contains no studies in which the deterioration of
properties has been quantified [35]. Nevertheless, studies have
shown that the volume of EPS waste can be significantly reduced
without a substantial loss of functional properties, enabling its
reuse in construction applications, such as lightweight concrete
and thermal insulation composites [36, 37]. Compared to
chemical and thermal processes, mechanical recycling requires
less energy and offers environmental and economic benefits
[12].

Mechanically recycled EPS can be reused to produce new EPS
products. Ground EPS waste can be processed into granules,
which are then re-expanded and used to produce new insulation
boards such as floor insulation boards or drainage boards for
perimeter insulation [23]. Recycled EPS can also be used as a
lightweight aggregate in cement-based composites to produce
lightweight concretes with improved thermal insulation
properties [36, 37]. Some studies considered the use of recycled
EPS in composite construction boards based on gypsum and
other mineral binders.

3.2. Chemical recycling

The chemical (tertiary) recycling of EPS involves the
depolymerisation of the material into styrene monomer through
catalytic processes, causing a change in the chemical structure
of the polymer [35]. These processes involve the use of various
chemicals to break down EPS, producing smaller molecules in
liquid or gaseous form that can be used to produce new fuels
and chemicals. Additionally, chemical recycling includes various
methods for dissolving EPS in organic or environmentally
acceptable solvents, allowing the material to be processed into
new products under controlled conditions, as reported by Ugwu
and Obele [12].

The dissolution of EPS produces a polystyrene material that
can be reused as a secondary raw material for manufacturing of
polystyrene products. In practice, recycled polystyrene is often
mixed with virgin polystyrene granules to ensure consistent
raw material quality and suitable processability during further
processing. Certain chemical recycling methods, such as the
CreaSolv process [27], enable the selective separation of
brominated flame retardants, such as HBCD, from the dissolved
polymer. This produces purified polystyrene suitable for reuse in
the manufacturing of new products.

The advantages of chemical recycling include high recycling
efficiency and low energy requirements compared with
mechanical and thermal methods. Its main disadvantages

are process complexity, need for specialised knowledge and
experience, high costs, and potential environmental risks
associated with the chemicals used [35].

3.3. Thermal recycling

Tkalcic et al. [35] stated that pyrolysis and gasification are
thermochemical processes used for the depolymerisation
of EPS. These methods are sometimes classified as thermal
recycling. Pyrolysis enables the treatment of contaminated
plastics and converts waste into useful hydrocarbons; however,
it requires a high energy input and long reaction times.
Gasification converts waste into energy by processing it at very
high temperatures, thereby reducing the need for disposal and
the associated incineration costs. Thermal recycling not only
reduces the volume of EPS waste but also enables energy
recovery, and the recovered energy can be used to power
other processes in circular economy facilities. Despite these
advantages, these methods are generally not considered
environmentally acceptable forms of recycling because of their
high energy requirements, greenhouse gas emissions, and risk
of releasing toxic substances into the air.

4, Experimental programme and materials
4.1. Description of test specimens

We conducted tests on four types of specimens that differed
in the composition of the mixtures used to produce them.
Specimens designated as S1 were made from a mixture of
virgin and construction EPS and specimens designated as S2
were made from a mixture of virgin and packaging EPS. The
preparation of mixture S1 involved the mechanical recycling
of construction EPS generated as a by-product of thermal
insulation production or originating from an unused thermal
insulation material. In contrast, at this stage of development,
mixture S2 was produced using a clean-packaging EPS intended
for agricultural applications that had not previously been used.
The aim of this initial stage of product development was to
determine whether such a material could be used to produce
EPS boards containing recycled material and to examine
how its origin and proportion affects the tested properties.
The development of a procedure for the preparation and
decontamination of post-consumer packaging EPS was not
included in this study. Instead, it represents the next stage of
product development, providing an opportunity for its further
improvement.

After crushing, the recycled material to a resultant average
density of 15-17 kg/m’, it was mixed with virgin EPS having
nominal densities of 20 kg/m® and 25 kg/m’. Vlirgin EPS consisted
of uniform closed beads separated by thin membranes, whereas
recycled EPS from both sources, S1and S2, was characterised by
cracked and crushed beads. Figures 1 and 2 show the differences
between virgin and recycled EPS beads.
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Figure 1. Uniform beads of virgin EPS

Figure 2. Cracked beads of mechanically recycled EPS

To determine how recycled content affected the tested properties,
specimens containing 5 %, 10 %, 25 %, and 50 % recycled materials
were produced in addition to reference specimens containing only
virgin EPS. This provided two recycled content levels below 20 wt
%, which complied with the guidelines specified in DIN 4108-10
[24], and two levels above 20 wt % (25 % and 50 %), which were
included to investigate the properties and behaviour of products
containing larger amounts of recycled material. Accordingly, the
specimen series were designated as follows:

- Series S1-20 — specimens produced by mixing virgin EPS
with a nominal density of 20 kg/m® and mechanically
recycled EPS from source S1

- Series S1-25 — specimens produced by mixing virgin EPS
with a nominal density of 25 kg/m*® and mechanically
recycled EPS from source S1

- Series S2-20 — specimens produced by mixing virgin EPS
with a nominal density of 20 kg/m*® and mechanically
recycled EPS from source S2

- Series S2-25 — specimens produced by mixing virgin EPS
with a nominal density of 25 kg/m*® and mechanically
recycled EPS from source S2.

Eighteen EPS blocks measuring 2600 x 1300 x 1050 mm were
produced. Two blocks were made from virgin EPS (0 % recycled
content), whereas the remaining 16 blocks were produced by
mixing virgin EPS with recycled materials from sources S1 and
S2 atvolume fractions of 5%, 10 %, 25 %, and 50 %. The EPS blocks
were produced using a standard steam expansion moulding
process, in which recycled EPS was homogeneously mixed with
pre-expanded virgin beads before moulding. However, because
of the irregular shape and damaged structure of the recycled
beads, increasing the recycled content reduced the cohesion,
consequently decreasing the bulk density, which affected the
mechanical and thermal properties.

Three boards measuring 500 mm x 1000 mm x 50 mm were cut
from each block using the hot-wire cutting method. The boards
were removed from the top, middle, and bottom of the block
along a diagonal plane. The selected boards, as shown in Figure
3, represent specific positions within the block. This selection
ensured the traceability of specimen locations and enabled the
analysis of representative specimens while accounting for the
spatial variability of properties within the EPS block.

Figure 3. Positions of the boards within the EPS block (top, middle,
and bottom).

The specimens used for testing their physical and mechanical
properties were obtained from previously cut boards. 54
specimens each were tested to determine density, thermal
conductivity, and tensile strength. In addition, 270 and 162
specimens were tested to determine compressive strength at
10 % deformation and flexural strength, respectively.

4.2, Properties tested and the corresponding test
methods

Tests were conducted to determine the effects of different
proportions of recycled content on the physical and mechanical
properties of the EPS. The physical properties tested were
density and thermal conductivity, while the tested mechanical
properties included compressive strength at 10 % deformation
(1), flexural strength (c,), and tensile strength (c).

All tests were conducted under controlled laboratory conditions
at a temperature of 23 = 2 °C and a relative humidity of 50 =
5 %, in accordance with the relevant Croatian and European
standards.

GRADEVINAR 78 (2026) 8, 421-433
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Table 1. Properties tested

Property tested Standard Number of specimens per block | Specimen dimensionsa [mm]
Density HRN EN I1SO 29470:2020 [38] 3 1000 x 500 x 50
Thermal conductivity HRN EN 12667:2002 [39] 3 300 x 300 x 50
Compressive strength at 10 % deformation | HRN EN SO 29469:2022 [40] 15 100 x 100 x 50
Flexural strength HRN EN 12089:2013 [41] 9 300 x 150 x 50
Tensile strength HRN EN 1607:2013 [42] 3 100 x 100 x 50

Density (p) was determined in accordance with HRN EN SO
29470:2020 [38]. Rectangular specimens measuring 1000 x
500 x 50 mm were weighed using a non-automatic electronic
precision balance (Kern PCD10KO). Their lengths, widths,
and thicknesses were measured using a Stiro-Lab XYZ.320
measuring table and a Suki 0-150 mm calliper.

Thermal conductivity (A) was determined for specimens
measuring 300 x 300 x 50 mm using the heat flow meter
method with a Stiro-Lab LM PLUS 305 apparatus. In accordance
with HRN EN 12667 [3S], 2 mean temperature of 10 °C and
a temperature difference of 10 °C between the hot and cold
plates were used.

A universal testing machine for determining the properties
of thermal insulation materials (Excel Didactic, model FS.10),
equipped witha 10 kN load cell, was used to test the compressive
strength at 10 % deformation (o), flexural strength (c,), and
tensile strength (c)).

Compressive strength at 10 % deformation (o) was determined
on rectangular specimens measuring 100 x 100 x 50 mm. In
accordance with the HRN EN ISO 29469 standards, before
testing, the specimens were preloaded to a pressure of 250 Pa
and then loaded at a constant deformation rate of 10 mm/min
[40].

Flexural strength (Gb) was tested on specimens measuring 300
x 150 x 50 mm, with a support span of 250 mm and a loading
rate of 10 mm/min. The test was conducted according to
Method B in accordance with HRN EN 12089 [41].

Tensile strength (c) was tested on rectangular specimens
measuring 100 x 100 x 50 mm, in accordance with HRN EN
1607 [42].

For each tested property, Table 1 lists the standards according
to which the test was conducted, the number of specimens
taken from each block, and the dimensions of the tested
specimens.

5. Results and discussion

Because the aim was to develop an insulation board for
underfloor heating and cooling, the results were also
considered in terms of the potential use of this material in
the final product. For such boards, it is important to keep
thermal conductivity as low as possible while maintaining
suitable mechanical properties, particularly compressive

strength at 10 % deformation, flexural strength, and tensile
strength. This is important because the board used in a
flooring system must provide thermal insulation while
serving as a stable base for transferring loads through the
floor layers.

5.1. Effect of recycled content on the physical
properties of the tested specimens

This subsection presents the effects of the recycled
content on density and thermal conductivity. The results
are presented as bar charts, with the proportion of recycled
content in the mixture plotted on the x-axes and the physical
properties of the material, density and thermal conductivity,
plotted on the y-axes. The vertical lines at the top of each bar
represent the standard deviation, indicating the scattering of
the measured values around the mean values of that physical
property. Relatively low standard deviations indicate good
measurement repeatability and specimen homogeneity,
whereas the slightly increased scattering at higher recycled
contents may be associated with the nonuniform structure
of the recycled EPS.

Polynomial trend lines were used to provide a descriptive
representation of the changes in properties over the tested
range of recycled content values. They should not be interpreted
as models for predicting material behaviour beyond the tested
values.

Figure 4 shows a general decrease in the density as the
recycled content increases. As the change in density with
increasing recycled content was not entirely linear, third-
order polynomial trend lines are included as descriptive
approximations of the experimental data. The corresponding
equations and coefficients of determination (R?) are listed in
Table 2. The average density of the recycled materials used
(S1and S2) ranged from 15 to 17 kg/m?, which was lower than
the density of the virgin EPS used in the reference specimens.
Therefore, a decrease in the overall material density with
increasing recycled content was expected.

At lower recycled content values of up to approximately 10 %,
the changes in density were relatively small, amounting to no
more than 2 %. A more pronounced decrease was observed
at higher recycled content values, particularly between 25 %
and 50 %. For example, the density of the S1-25 specimens
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Table 2. Trend-line equations and R* values for the density of EPS containing recycled material

Specimen designation Trend-line equation R?
S1-20 vy =-0.0017x*+ 0.0081x*— 0.0913x + 20.234 0.9970
S1-25 y = 0.0024x3 - 0.026x% — 0.4905x + 26.468 0.9998
S52-20 y =0.0027x* - 0.0631x?+ 0.1686x + 20.168 0.9670
S2-25 y =-0.0153x3+ 0.2033x? - 1.0489x + 26.798 1
2800

recycled content increased. In contrast,

26,00 1 e specimens S1-20 and $2-20 exhibited
- N T more stable behaviour at low and

T intermediate recycling contents.
gﬂ 20— 0 ¥8 vv|e|eIme The decrease in density was not caused
- L W 1) Wy R N solely by the lower density of the
I recycled material, but also by changes
806 ‘ I ‘I i i in its structure. Mechanical recycling
1600 altered the cellular structure of EPS,
0 s L 20 23 30 = W 43 50 resulting in nonuniform cell size and
Recgelzd Eontent Fel distribution, which affects material

— S1-20 p—S1-25 m— S52-20 52-25 properties.
--------- POli. (S1-20) ++++++++Poli. (§1-25) ++++++++- Poli. (52-20) Poli. (52-25) Figure 5 shows the effect of the recycled
content on the thermal conductivity
Figure 4. Effect of recycled content on EPS density of EPS. A general increase in thermal
00370 conductivity was observed as the
recycled content increased, although
00360 this trend was nonlinear. At lower
_ o030 [ recycled contents, the change in
£ thermal conductivity was relatively
= e small, whereas a more pronounced
= 00330 increase was observed at higher
contents of 25 % and 50 %. Third-order
00220 polynomial trend lines are shown for
00310 each EPS formulation to describe the
9 W B Rzeoc - = 33 S =0 change in thermal conductivity over the
— tested range of recycled content values.
— S1-20 m—S51-25 m—52-20 S2-25 The corresponding equations and
-------- Poli. (51-20) +++++++++Poli. (S1-25) ++++++++« Poli. (S2-20) --- Poli. (S2-25) coefficients of determination are listed
in Table 3.

Figure 5. Effect of recycled content on the thermal conductivity of EPS Superficially, the increase in thermal

conductivity with decreasing density
decreased by 7 % between the specimens containing 10 % may appear unexpected because a higher proportion of air
and 25 % recycled material. Specimens with a higher initial in the material would be expected to reduce heat transfer.
density (51-25 and S2-25) maintained a higher absolute However, the overall thermal conductivity of a material
density, but also showed a greater relative decrease as the results from several heat transfer mechanisms and can be

Table 3. Trend-line equations and R’ values for the thermal conductivity of EPS containing recycled material

Specimen designation Trend-line equation R?
S1-20 y =610 - 7:10°%%+ 4-10x + 0.0335 0.9812
S1-25 y=-110"°+ 7-10°%?+ 2:10x + 0.0333 0.9888
S2-20 Y =-6:10°+ 1:10"x> - 5:10"x + 0.0341 0.9939
S2-25 y =-5-107%*+ 5:10°x* - 3-10"x + 0.0338 1
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Table 4. Trend-line equations and R’ values for the measured compressive strength at 10 % deformation of EPS containing recycled material

Specimen designation Trend-line equation R?
S1-20 y =-0.1926x?+ 0.1074x + 129.99 0.9996
S1-25 y =-0.0603x3+ 1.2836x>— 12.832x + 191.82 0.9914
S2-20 y =-0.0236x3+ 0.3122x%— 4.1962x + 135.12 0.9688
S52-25 y =-0.0783x3+ 0.9285x* - 7.9281x + 186.06 0.9999

expressed as the sum of the contributions of the solid phase,
gas, radiation, and convection, as shown in Equation (1) [43]:
A

=h HFA A A, (1)

ef kruta phn zratenje strujanje

At lower densities, the EPS contained less solid polystyrene,
resulting in larger cells and thinner cell walls, which increased
the contribution of radiative heat transfer through the cells.
This contribution typically increases with the square of the
cell diameter, which can significantly increase the thermal
conductivities of lower-density materials [43].

Simultaneously, the proportion of the gas phase increased
as density decreased. Although air is a good insulator, larger
cells provide less resistance to heat transfer through the gas,
resulting in higher effective thermal conductivity. In extreme
cases, microconvection may also occur within the cells, further
increasing heat transfer [43].

In addition, mechanical recycling causes structural irregularities,
such as nonuniform cell sizes, cracked cell walls, and a partially
open-cell structure. These irregularities disrupt the closed-cell
structure, which is a characteristic of virgin EPS, and allow heat
to be transferred more readily through the material.

5.2. Effect of recycled content on mechanical
properties

The effect of recycled material content on the mechanical
properties was analysed in terms of compressive strength at
10 % deformation, flexural strength, and tensile strength. The
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results are presented as bar charts, with the volume fraction
of the recycled content, expressed as a percentage plotted
on the x-axes, and the values of the relevant mechanical
properties plotted on the y-axes. Each of these charts also
includes trend lines showing the changes in the respective
mechanical properties as a function of the recycled content.
The corresponding trend line equations and coefficients of
determination for each series of specimens are listed in table
following the chart.

Analysis of the chart in Figure 6 shows that the compressive
strength decreased as the recycled material content increased.
Quantitatively, for specimens with a lower initial density (51-20
and S2-20), a recycled content of 50 % resulted in decrease of
16.87 % and 26.58 %, respectively, in the compressive strength
at 10 % deformation when compared with the corresponding
reference specimens. For specimens with a higher initial
densities (51-25 and S2-25), the decrease in compressive
strength was more pronounced, amounting to 29.82 % and
40.31 %, respectively, when the reference specimens were
compared with those containing 50 % recycled material. This
behaviour is consistent with the previously observed decrease
in density, where higher recycled material content resulted in
a more pronounced deterioration of the mechanical properties.
The trend curves are shown in the chart. A second-order
polynomial function was used for the S1-20 series, whereas
third-order polynomial functions were used for the other
series. The curves were used to describe the change in the
compressive strength over the tested range of recycled content.
The corresponding equations and coefficients of determination
(R?) are presented in Table 4.

In addition to changes in compressive
strength, it is important to understand
the mechanical response of the material
itself. Therefore, the stress—strain curves
are analysed next.

As shown in Figure 7, Gibson and Ashby
[44] described the behaviour of cellular
materials, including EPS, by dividing
the stress—strain curve into three
characteristic regions: elastic, plateau,
and densification regions.

I S1-20 — S1-25 I S2-20

--------- Poli, (S1-20) ++++++++Poli. (S1-25) ++++++++- Poli. (S2-20)

In the initial elastic region, the strain is
proportional to the stress, and the slope

S2-25
Poli. (52-25)

Figure 6. Effect of recycled content on compressive strength at 10 % deformation

of this part of the curve corresponds to
theinitial elastic modulus of the material.
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At higher strains, the material enters the
densification region, where the collapsed
cells are compressed against one
another. This reduces the void volume
and causes a rapid increase in material
stiffness, resulting in a sharp increase in
stress [44].
Figure 8 shows the stress—strain
curves for the reference specimen
and specimens containing different
proportions of recycled EPS. A
comparison of the curves shows a shift
towards lower stress values, whereas
Strain [¢] the characteristic shape of the stress—
strain response remains unchanged.
Figure 7. Characteristic stress—strain curve for EPS [44] Figure 9 shows a representative stress—
strain curve for the reference specimen,
Sress - strain curve with the tangents indicated in the elastic
and plateau regions. The intersection of
these tangents defines the transition
from elastic to elastic—plastic material
behaviour, corresponding to the onset
of cellular structure collapse. In the
Sample ID reference specimen, this transition is
0-20-0%-52-CS1 . .
1 5IEAET e clearly defined and relatively stable,
$1-20-50%-52-C25 indicating a homogeneous internal
et material structure.
. z z = pa = = Figures 10 and 11 show the stress—
& [%] strain curves of specimens containing
50 % recycled EPS from construction
Figure 8. Stress—strain curves obtained for the reference specimen and specimens containing and packaging sources, respectively.

ELASTIC PLATEAU DENSIFICATION
REGION REGION REGION

Stress (o)

014

0,12 A

0,10

0,08

0,06 4

o [MPa]

0,04

0,02

111

0,00

different proportions of recycled EPS In both cases, the slope of the initial
0-20-0%-52-CS3 !lngar .portlon of thg cur.ve decre.ase.s,
0.4 indicating a reduction in the initial
Intersection . .
012 | (2,046; 0,0992) modulus of elasticity. This effect was
more pronounced in the specimens
0,10 A . . .
- containing recycled packaging material.
T 008 A Slope: 0,0025 Simultaneously, the plateau region
= Angle: 12,1° )
2 o6 | became less clearly defined, whereas the
© . o .
g;peoom Original data transition between the regions showed
004 1 Angle: 77,3° ==Fitadsuna greater variability, indicating a nonuniform
002 - P2 deformation process and an earlier onset
000 1f Wlitersection of cellular structure collapse.
"o 2 4 6 8 10 12 The tangent slopes in the elastic region
el%] (IP1) presented in Tables 5 and 6 exhibit
Figure 9. Stress—strain curve obtained for the reference specimen a clear decreasing trend as the recycled

material content increases.

Deformation in this region is generally reversible and associated For the reference specimens, the tangent slope in the elastic
with the elastic deformation of the cell walls [44]. region falls within a narrow range of 0.0516-0.0525. Greater
This is followed by the plateau region in which the cellular scattering was observed for specimens containing 25 % recycled
structure gradually collapses through the bending and fracture construction EPS (S1), with values ranging from 0.0439 to
of the cell walls, with only a relatively small increase in stress 0.0553. At a recycled content of 50 %, these values fell within
as the strain increases. The material absorbs most of the a more consistent but lower range of approximately 0.044—
deformation energy in this region [44]. 0.047.
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$1-20-50%-52-CS2

in the plateau region (IP2) did not

0,14
Intersection
0,12 1 (2774;,00031)
0,10 4
- ’ 1P2
E 0,08 4 Slope: 0,0029
= Angle: 13,8°
o 006 1
1P1 Original data
004 Slope: 0,0444 w— Fitted curve
Angle: 75,3° 1P1
0,02 1 : P2
@ Intersection
0,00

show a consistent trend. The reference
specimens exhibited a relatively wide
range of values (0.0025-0.0056). As the
recycled contentincreased, the variability
became more pronounced without a
clear monotonic trend. For the specimens

containing recycled construction EPS,
the slopes in the plateau region (IP2)
generally decreased slightly. In contrast,

specimens containing recycled packaging

6
e [%]

Figure 10. Stress-strain curve obtained for a specimen containing 50 % recycled construction

10 ' EPS, particularly at a recycled content

of 50 %, showed a local increase in the
value, reaching approximately 0.0055.

This behaviour indicated changes in the
deformation response of the material

EPS
$2-20-50%-52-CS3
014
012
0,10 A Intersection
(2,279; 0,0931)
S 008 / =
a e
2 g P2
o 006 1 Slope: 0,0042
Angle: 19.8° Original data
0,04 P1 = Fitted curve
Slope: 0,0351 3 1P1
002 1 Angle; 71,6° k2 .
@ Intersection
0,00

within the plateau region. The increased
scatter and absence of a clear trend may be
associated with the nonuniform collapse of
the cellular structure and greater material
heterogeneity, particularly in specimens
containing recycled packaging EPS.

Next, we present the flexural strength
results (Figure 12 and Table 7) and tensile
strength results (Figure 13 and Table
8) as functions of the recycled material

6
e [%]

2

Figure 11. Stress—strain curve obtained for a specimen containing 50 % recycled packaging EPS

For the specimens containing recycled packaging EPS (S2), the
decrease in the tangent slope (IP1) was more pronounced. At a
recycling content of 25 %, the values decreased to approximately
0.0409-0.0436, whereas at 50 %, they decreased further to
approximately 0.0309-0.0351. These results confirmed a
greater reduction in the initial modulus of elasticity for recycled
packaging EPS than for recycled construction EPS.

Unlike the tangential slopes in the elastic region, the slopes

10 content. The test results were as follows:
A comparison of the results shows a
clear decrease in the flexural strength
as the recycled content increases. The
highest values were recorded for the reference specimens,
whereas the greatest decrease was observed for specimens
S1-25and S2-25.

The decrease in flexural strength was particularly pronounced at
higher recycled material contents, particularly at 50 %, where the
load-bearing capacity was substantially lower than the reference
values. The observed trend was not entirely linear, as indicated by
the corresponding polynomial trend curves in Figure 12.

Table 5. Slopes and angles of the IP1 and IP2 tangents to the stress—strain curves obtained for individual specimens containing 0 %, 25 %, and

50 % recycled construction EPS (S1)

Specimen designation IP1 - slope IP1 - angle [°] IP2 - slope IP2 - angle [°]
REF-1 0.0521 77.4 0.0048 22.4
REF-2 0.0525 77.5 0.0056 255
REF-3 0.0516 77.3 0.0025 121
S1-25-CS1 0.0553 78.1 0.0049 226
S51-25-CS2 0.0483 76.4 0.004 19
S1-25-CS3 0.0439 75.1 0.0027 131
51-50-CS1 0.0474 76.2 0.0038 18
S1-50-CS2 0.0444 75.3 0.0029 13.8
51-50-CS3 0.0445 75.3 0.0026 12.4
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Table 6. Slopes and angles of the IP1 and IP2 tangents to the stress—strain curves obtained for individual specimens containing 0 %, 25 %, and
50 % recycled packaging EPS (S2)

Specimen designation IP1 - slope IP1 - angle [°] IP2 - slope IP2 - angle [°]

REF-1 0.0521 77.4 0.0048 22.4

REF-2 0.0525 77.5 0.0056 255

REF-3 0.0516 77.3 0.0025 12.1
S2-25-CS1 0.0436 75.0 0.0041 19.4
52-25-CS2 0.0420 74.5 0.0027 13.1
S2-25-CS3 0.0409 741 0.0026 12.5
52-50-CS1 0.0309 69.3 0.0055 25.3
S2-50-CS2 0.0342 71.2 0.0037 17.8
S52-50-CS3 0.0351 71.6 0.0042 19.8

Table 7. Trend-line equations and R’ values obtained for the flexural strength of EPS containing recycled material

Specimen designation Trend-line equation R?
51-20 y =-0.0381x3+ 0.0822x*+ 0.9357x + 210 0.9729
S1-25 y =0.0756x3- 1.1312x?— 9.2313x + 313.35 0.9994
S2-20 y =-0.1497x*+2.025x°~10.957x + 219.32 0.9985
S2-25 y=-1.263x>— 1.1028x + 293.4 0.9700
3600

The trend-line equations and coefficients
3100 L ....... of determination presented in Table 7
B agreed well with the experimental data
over the tested range (R* = 0.97-0.999).
The curves were used to provide a clearer
representation of the observed trend and to
compare the changes in flexural strength as
a function of the recycling content.
0 5 10 15 20 T 35 40 45 50 The tensile strength results are presented
Recycled content [%] in Figure 13. Similar to flexural strength, a
— 5120 — 125 — S2-20 15225 general decreasing trend was observed as
--------- Poli. (51-20) ++-+++-+Poli. (S1-25) +++++++- Poli. (52-20) ++--+--Poli. (52-25) the recycled material content increased.
For the specimens containing recycled
construction EPS (S1), the decrease was
3600 gradual. The changes were less pronounced
at lower recycled content, whereas a
greater reduction in strength was observed
at higher content.
For specimens containing recycled
packaging EPS (S2), deviations from the

. BT general trend were observed, with some
| l specimens exhibiting local increases in

2600 I

2100 o1l ',‘J"' e

o, [kgPal

160,0

1100

60,0

Figure 12. Effect of recycled content on flexural strength

3100

w00 — W Rl
2100 WRNE - WEHERR-S
] —
1100
60,0

15 20 25 30 35 40 45 50
Recycled content [%]

o, [kgPal

strength. This behaviour may be associated
with the greater scatter of the results
and the potential effects of material
heterogeneity or experimental variability, as
indicated by the higher standard deviations.
The polynomial trend curves shown in the
chart indicate a nonlinear change in the
Figure 13. Effect of recycled content on tensile strength tensile strength over the tested range of

I S1-20 — S1-25 I S2-20 L mS2-25

-------- Poli, (51-20) +++++++Poli. (S1-25) ++++++++- Poli, (52-20) «++++--Poli. (S2-25)
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Table 8. Trend-line equations and R® values obtained for the tensile strength of EPS containing recycled material

Specimen designation Trend-line equation R?
S1-20 y =-0.0687x%+ 0.5046x% - 1.8432x + 224.42 0.9921
S1-25 y =0.3632x3— 6.2281x*+ 14.762x + 268.7 0.9994
S2-20 y = 0.3435x* - 3.9651x%+ 3.2186X + 226.47 0.9079
S2-25 y =-0.5086x3+ 7.9152x? — 42.05x + 312.17 0.9994

recycled content. The coefficients of determination presented in
Table 8 (R* = 0.9079-0.9994) indicate the degree of agreement
between the fitted curves and the experimental data.

6. Conclusions

This study investigated the physical and mechanical properties
of EPS containing different proportions of recycled materials from
two sources: construction and packaging EPS. The results were
compared with those obtained for reference specimens without
recycled material. A general decrease in density was observed
as the recycled content increased, although the relationship was
nonlinear. At recycled contents of 5 % and 10 %, density decreased
by approximately 2 % on average across all series. The average
decrease was 6 % and 17 % at recycled contents of 25 % and
50 %, respectively, compared with the corresponding reference
specimens. The greatest decrease in density, approximately 25 %,
was recorded for the S2-25 series with a recycled content of 50 %.
The more pronounced decrease at higher recycled contents may be
associated with changes in the cellular structure of the material and
the nonuniform size and distribution of the cells.

Simultaneously, the thermal conductivity increased with increasing
recycling content, followed by a nonlinear trend. At recycled
contents of 5 % and 10 %, deviations in thermal conductivity from the
corresponding reference values did not exceed 1.2 %. The average
increase was 1.4 % and 5.2 % for recycled contents of 25 % and 50
%, respectively. The greatest increase of 7.1 % was recorded for the
S1-20 series with a recycled content of 50 %. This behaviour may be
attributed to the changes in the material structure: larger cells and
thinner cell walls increase the contribution of radiative heat transfer,
whereas structural irregularities allow heat to be transferred more
readily through the material.

Regarding the mechanical properties, compressive strength at 10 %
deformation decreased as the recycled material content increased.
This was accompanied by a reduction in the initial modulus of
elasticity, whereas the characteristic shape of the stress—strain
curve remained unchanged. At recycled contents of 5 %, 10 %, 25 %,
and 50 %, compressive strength decreased by an average of 1.3%, 5.8
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