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Abstract: The design and employment of envelope components showing high thermal performances
for new buildings and deep renovations must take into account the overall impact of the production
process in terms of environmental sustainability. To this end, precast construction solutions and
secondary raw materials provide added value to the energy quality of building products. With regard
to the abovementioned issues, the paper is focused on the performance optimization of expanded
polystyrene-reinforced concrete (EPS-RC) precast bearing walls, already developed and patented
within a previous research project entitled “HPWalls. High Performance Wall Systems”, and herein
improved according to two complementary requirements: on the one hand, the addition of recycled
EPS particles to the concrete mixtures and, thus, the assessment by lab tests of the correlation between
the thermal and mechanical properties for several mix-design specimens; on the other hand, a study
using analytical simulations of the most suitable joint solutions among modular panels in order to
prevent thermal bridges. The achieved results validate the proposed optimization strategies and
provide reliable data for market applications in the building sector.

Keywords: precast walls; energy performances; recycled EPS; thermal bridge correction

1. Introduction

Over the past decades, energy consumption has dramatically increased in the building
sector, which is currently responsible for about 40% of the total primary energy use in
the US and EU. Consequently, energy efficiency through properly designed, constructed
and operated buildings, according to the Net Zero Energy Buildings vision, has become
paramount to cope with energy shortages, carbon emissions and their serious threats to
our living environment [1], especially because the enduring climate change is expected
to increase the global energy demand in the long term [2]. In this regard, along with new
constructions, a leading role should be played by the existing building stock, particularly
the residential buildings, whose deep renovation is a major challenge in terms of energy
efficiency and self-sufficiency [3]. To this end, the main strategy concerns the decrease of
the operational energy consumption, recognized as the main feature of energy efficient
buildings and addressed by the performance improvement of envelope components and the
exploitation of renewable sources. However, the environmental impact of the construction
and demolition phases through the suitable selection of building products should also be
taken into account, especially if the abovementioned performance improvement requires
the employment of a larger number of materials [4–6].

Within this framework, a relevant contribution might be provided by precast build-
ing components. In fact, while conventional cast-in-place techniques generally lead to
many concerns such as low field productivity, unreliable quality, high resource and en-
ergy consumption, frequent safety accidents and significant pollution, the standardization
of the design, prefabrication of structural elements and mechanization of on-site con-
struction techniques are acknowledged as valuable requirements for the economic, social
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and environmental sustainability of the building sector, both for new constructions and
retrofitting [7–10]. In addition, the energy optimization of precast building components
has been addressed by several authors, as will be detailed in the following section, in
terms of the selection of sustainable materials and the development of high-performing
insulation solutions, according to life-cycle and circular economy approaches. All of the
abovementioned issues are particularly relevant for vertical envelope components, which
cover the largest area of the external building surface and act as the main frontier between
the outdoor environment and the indoor space.

With reference to the outlined topics, the paper will focus on precast reinforced
concrete (RC) walls for new constructions and the deep renovation of the residential
building stock, by presenting the most current state-of-the-art technologies, as well as
some studies focused on improving energy performance by employing innovative, natural
and recycled materials and through the optimization of the constructional layout for the
correction of thermal bridges (Section 2). Thus, starting from the design of an expanded
polystyrene-reinforced concrete (EPS-RC) wall system (Section 3.1), as patented by the
authors previously (Italian patent N. 0001429016, registered on 30 June 2017), further
developments are proposed and discussed (Section 3.2) that relate to the exploitation of
recycled EPS in the concrete mixtures (Section 4.1) and the design of the construction joints
among wall modules to prevent thermal bridges (Section 4.2).

2. State-of-the-Art

Several solutions were developed and tested for achieving reliable and efficient precast
vertical systems with thermal performances that could make them suitable for the residen-
tial, office and commercial sectors and their relative normative energy requirements. In
particular, three solutions, based on the combination of RC and EPS, were widely studied:

• Precast concrete sandwich panels (PCSPs), which are composite cladding types en-
compassing concrete wythes that embed a layer of thermal insulation. They are fully
fabricated in the factory, thus ensuring greater quality control and a reduced risk of
poor detailing, in addition to further performances including fire resistance, durability
and thermal insulation [11–14];

• EPS-based formwork blocks (EPSFBs), consisting of modular interlocking EPS build-
ing blocks as permanent formwork for the construction of in-situ concrete walls,
both bearing and non-bearing, with high thermal, acoustic and fire resistance perfor-
mances [15,16].

• Insulated concrete form walls (ICFWs), made of rigid plastic (e.g., EPS), are foam
walls that hold concrete together during the curing operation and remain in place
permanently afterwards to serve as thermal insulators [17,18].

With a specific focus on the energy behavior of the abovementioned systems, particu-
larly the best-established one, i.e., PCSPs, several research works recently addressed the
improvement of their performances based on different and complementary strategies: on
the one hand, the employment of high-performing products, and on the other hand, the
optimization of the constructional layout.

Concerning the employment of high-performing products, some cutting-edge artificial
materials were proposed, such as phase change materials (PCMs) to maximize the ability to
store heat and slow down the rate of heat transfer [19,20], and vacuum insulation panels
(VIPs), viewed as a viable solution for the space-saving attributes of high-performance
walls [21]. Alternatively, natural products were used and tested. Wood bio-concretes
(WBCs), namely cement-based materials with complete or partial substitution of mineral
aggregates by wood particles, can offer an attractive solution for the low-cost transport
of vegetable resources to the industries [22]. Similarly, the replacement of polymer-based
insulation with high porosity hemp composites was proposed and validated by laboratory
tests, along with the assessment of the amount of carbon dioxide emissions saved during the
production phase by replacing traditional insulation with bio-based materials [23]. Moreover,
in several cases, waste products were added to the manufacturing of the concrete mixture,
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including: co-fired blended ash (CBA), an industrial by-product where coal, agricultural
residues and wood pellets are co-fired in boilers for heat generation [24]; wood bio-mass ash
(WBA) from power plants [25]; food industry-filtered recycled diatoms from the production
of beer and wine [26]; and recycled EPS, as a replacement of up to 50% of the concrete
aggregate for obtaining lightweight panels with optimized embodied energy [27–29]. The
latter approach is particularly inspiring when taking into account that the waste products
are generally available in the same factory.

Concerning the optimization of the constructional layout, some authors focused
on the stratigraphic configuration of the panels. For instance, a study [30] concerned
the development of precast concrete three-wythe sandwich wall panels with potential
improved thermal performances. The system has three concrete wythes and two insulation
layers, and all three concrete wythes are connected by solid concrete regions, so that the
connections between successive concrete wythes are staggered in location and the total
thermal path length through the concrete is extended. Furthermore, other authors focused
on the design of the connectors that join the insulation and the concrete layers, creating a
thermal bridge, the extent of which depends on the size and material of the connector. For
this purpose, steel connectors wrapped with grooved nylon [31] and different shaped steel
connectors were studied in order to minimize the problem [32].

Within the state-of-the-art on EPS-RC precast bearing walls for the residential sector,
a specific system [33,34] was designed, realized and tested by the authors within a closed re-
search project entitled “HPWalls. High Performance Wall Systems”, funded by the European
Regional Development Fund (ERDF) of the Puglia Region (south Italy), in cooperation with
a local company. The company specializes in the production of so-called precast concrete
double skin shear walls (PCDSSWs), which have two identical precast reinforced concrete
panels, connected by truss-type reinforcements and completed as a monolithic wall by onsite
casting concrete in the middle region enclosed by the two panels [35,36]. Taking into account
that the same company also has a production chain for EPS-based flooring components,
such as predalles slabs, for the civil and tertiary sector, the HPWalls system was meant to
make the PCDSSWs suitable for residential buildings by providing the necessary thermal
insulation by EPS. Compared to the abovementioned three EPS-RC solutions, the idea was to
maximize the advantages and minimize the disadvantages of the alternatives [37–40]. Thus,
the relative lightness and ease of transport of semi precast components and the thermal
protection of the whole RC wall by the outer insulation layer were retained, differently from
PCSPs. Moreover, the availability of timesaving big-sized panels was preferred over EPSFBs
and the support of concrete form panels to hold the onsite concrete pouring and curing, an
alternative of EPS form panels in ICFWs.

The result, which has been protected by a national patent since 2017 (“Prefabricated
wall with high mechanical, thermo-hygrometric and acoustic performance for non-load-
bearing and load-bearing walls”. Designated inventors: Luigi Amati, Albina Scioti, Gi-
ambattista De Tommasi, Fatiguso Fabio, Alessandra Fiore), is a multi-layered wall, based
on the off-site employment of external EPS formwork panels, hosting reinforced concrete
panels on the internal sides. The RC panels are mutually connected by transversal truss
reinforcement, placed in the inner cavity, which later hosts the onsite concrete casting.
Moreover, the wall does not require steel connectors crossing the insulation panels, which
are coupled to the precast concrete panels during the factory production chain.

Following the innovative approach of the basic layout of the patented wall, the present
study aims to improve the overall energy performance of the system, following the com-
plementary strategies acknowledged by the scientific community, as previously discussed.
In detail, the employment of high-performing products will herein refer to the addition
of recycled EPS particles to the concrete mixtures, that was proven to be an interesting
research field by several recent studies in order to improve the lightness, insulation and
carbon footprint of the conglomerate [41,42]. For this purpose, some lab tests aimed at
assessing the correlation between thermal and mechanical properties for several mix-design
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specimens will be discussed, where the sand was partially or totally replaced in volume for
the entire granulometric curve or for selective grain sizes.

Moreover, the optimization of the constructional layout will be pursued by the selec-
tion of the most suitable joint solutions among the modular panels, which is a key aspect not
only for the structural stability [43,44], but also to prevent thermal bridges. The challenges
associated with preventing air leaks between contiguous insulation modules on the external
surface of the building envelope have been posed by several authors, particularly for the
emerging technology of VIPs in external thermal insulation composite systems (ETICS).
In fact, it was found that the panels undergo a thermal bridging effect at the edges of the
modules as a result of the physical and geometrical properties, where the joint gap has great
influence. The proposed solutions range from the application of sealing products to the
use of EPS as an edge material [45,46]. The same problem applies to sandwich panels and
metal panel wall systems, where an inner EPS core provides thermal insulation. Here, the
most common solutions are related to the shaping of the interface between two modules,
including S-shaped and tongue-and-groove layouts, in order to avoid a flat connection
profile [47,48]. Nevertheless, the same principle is applied for commercial EPSFBs [15,16]
with vertical and staggered protruding ribs.

In order to prevent thermal bridging effects at the connection between contiguous
wall panels, some analytical simulations through 3D heat transfer analysis will be pre-
sented [49,50], focused on the shaping of the joints in analogy to other EPS-based systems.
The simulations will also help assess the potential thermal anomalies due to the wall
reinforcement, whereas the connection between the insulation and concrete layers is not
provided by metallic elements.

It is worth mentioning that the research is willing to provide useful outcomes for both
the industry and academia. In fact, for the industry, it aims to propose a model for the
low-cost conversion/expansion of a precast production chain from PCDSSWs to insulating
PCDSSWs that are suitable for the residential sector; to validate an alternative approach
from EPS waste disposal to recycled EPS exploitation and virgin EPS saving, eventually
in the same industrial site; and to provide reliable data on the proposed optimization
strategies for the improved competitiveness and market attractiveness of the wall system
for the partner factory and similar factories. For academia, the research aims to test
methods and tools for manufacturing lightweight concrete with recycled EPS for a targeted
precast component, as well as proposing some insights into the need to carefully design
the horizontal and vertical connections between wall modules and assessing the potential
anomalies from the concrete reinforcement, in order to avoid thermal bridges.

3. Materials and Methods
3.1. Background

The HPWalls is a multi-layered vertical module (Figure 1), up to 2500 mm in length
and height, with an overall thickness of 300 mm. It is composed of 50 mm thick external EPS
formwork panels, hosting 50 mm thick RC panels on the internal sides. The RC panels are
mutually connected by transversal truss reinforcements, placed in the 150 mm inner cavity.
It is worth mentioning that the production chain in the factory was not changed compared
to the manufacturing process for PCDSSWs, where the metallic removable formworks for
concrete pouring were used to host the EPS stay-in-place ones (Figure 2).

In fact, after plotting onto the metallic formworks the contours for the double wall
to be produced (phase 1) and placing the shuttering profiles accordingly (phase 2), all by
means of robot plotters that transfer the outline of the elements from the CAD data, the
EPS panel is positioned (“new” phase 2bis). Thus, the reinforcement of the concrete panel
and the truss framework of the wall are installed manually (phase 3) and the concrete is
poured and vibrated (phase 4), before lifting the half-wall for one-day storage (phase 5).
After one day, the half-wall is overturned and placed on another half wall (phase 6), which
is produced following only phases 1, 2, 2bis and 4 (Figure 3).
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Figure 1. Layout of the “HPWalls” system.

Figure 2. Production chain of the “HPWalls” system, including phases 1 (top left), 3 (top right),
4 (bottom left) and 6 (bottom right).

The patented wall was conceived in order to meet the normative upper thresholds of
thermal transmittance for vertical components, according to the Italian law DM 26/06/15.

In detail, considering the products already manufactured by the company, some
specimens of EPS and concrete were tested in order to assess their hygrothermal properties.
The experimental results, shown in Table 1, lead to the calculation of the wall thermal
transmittance equal to 0.35 W/m2K, as calculated in Table 2, assuming that the concrete
increases its thermal conductivity of 40% when reinforced with 1% of steel, according to
UNI EN ISO 10456:2008 [51]. It is worth mentioning that the thermal transmittance of the
finished wall is further decreased depending on the specific design choices. For instance,
an internal 20 mm layer of gypsum–lime plaster (conductivity equal to 0.26 W/mK) and
an external 1 mm layer of acrylic plaster (conductivity equal to 0.31 W/mK) result in wall
transmittance of 0.34 W/m2K. Alternatively, the previous solution with internal 50 mm
air cavity (resistance equal to 0.18 m2K/W) for plant equipment and 50 mm plasterboard
(conductivity equal to 0.21 W/mK) result in wall transmittance of 0.30 W/m2K.
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Figure 3. Prototype of “HPWalls” system.

Table 1. Measured hygrothermal properties of EPS and concrete for the basic layout of the
patented wall.

Material Density
(kg/m3)

TC 1

(W/mK)
TD 1

(10−6 m2/s)
VHC 1

(106 J/m3K)
WVP 1

(10−12 kg/(m s Pa))
WVRF 1

(-)

EPS0 10 0.0391 1.180 0.033 7.03 27.5
C0 2189.0 1.77 1.01 1.77 3.61 53.76

1 TC = thermal conductivity; TD = thermal diffusivity; VHC = volumetric heat capacity; WVP = water vapor
permeability; WVRF = water vapor resistance factor.

Table 2. Calculated thermal transmittance for the basic layout of the patented wall.

Layer Thickness (m) TC 1

(W/mK)
TR 1

(m2K/W)

RSI
2 0.13

EPS0 0.05 0.039 1.282
C0 0.25 2.5 0.10

EPS0 0.05 0.039 1.282
RSE

2 0.04
WR 3 (m2K/W) 2.83
WT 3 (W/m2K) 0.35

1 TC = thermal conductivity; TR = thermal resistance; 2 RSI = internal surface adductive resistance; RSE = external
surface adductive resistance; 3 WR = wall resistance; WT = wall transmittance (1/WR).

The hygrothermal performance of the building component to avoid critical surface
humidity and interstitial condensation, according to UNI EN ISO 13788:2013 [52], was also
successful. In detail, the calculation was run on a monthly basis, taking into account the
climatic data for the city of Bari (south Italy) and the use as dwelling. Although critical
conditions never occurred, the most unfavorable scenarios were found in winter (indoor:
20 ◦C, 65% RH; outdoor: 8.9 ◦C in February −14.2 ◦C in November; 73.3% RH in February,
79.2% RH in November).

3.2. Research Development

The improvement of the basic solution was addressed following two approaches.
The first approach concerned the replacement of the fine aggregate (sand) in the

concrete mixtures with EPS granules, as discarded from the production process and crushed
into a grinding machine in the same factory. The proposed solution is meant to optimize
both the quality of the building component and the efficiency of the production process,
taking into account that the EPS tailings, currently disposed of by the research partner
company, would turn into a resource with beneficial effects on waste management and
material exploitation, according to the principles of a circular economy.
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In detail, based on similar experimental studies on lightweight EPS concrete, as pre-
viously mentioned [27–29,40,41] for precast and onsite structures, the replacement was
designed, taking into account the size of the available recycled granules (96% in EPS volume
ranging from 1 mm to 8 mm) and the mix design of the basic conglomerate as manufactured
in the factory (64% in sand volume ranging from 1 mm to 8 mm). Thus, two methods were
followed: on the one hand, substitution of increasing percentages of the volume of sand by
EPS for the entire granulometric curve; on the other hand, substitution of the total volume of
sand by EPS, previously graded by sieve analysis, for specific grain sizes. It is worth mention-
ing that the first method is documented as leading to lower mechanical performances, due
to the overall differences in grain size distribution between sand and EPS. Nevertheless, it
was still considered an alternative worthy of investigation, taking into account the potential
advantages in terms of preparation time and resources for the factory operators.

All of the mixtures were tested in order to measure their thermal conductivity, thermal
diffusivity and volumetric heat capacity by means of a portable device, the Isomet 2104 with
a surface probe, supplied by Applied Precision Inc., according to UNI EN 12667:2002 [53].
Moreover, their water vapor permeability and water vapor resistance factor were assessed
by the cup method, according to ISO 12572:2016 [54] in a Perani AC520 climate chamber
(T = 23 ◦C; RU = 50%). Finally, the compressive strength was determined according to
UNI EN 12390-2/3/4:2019 [55–57]. The final investigation involved classifying all of the
mixtures as structural/non-structural and as lightweight/normal according to the Italian
standards, and then assessing which one could offer the maximum performance solutions,
namely the best thermal insulation for energy saving for load-bearing walls.

The second approach concerned the assessment of the geometry/shape of the panels,
particularly their connection joints, in order to mitigate potential thermal bridges. The
RC precast panels are generally installed by putting the modules side by side, leaving the
function of making them cohesive to the onsite concrete casting. Thus, the interface might be
responsible for construction thermal dispersions. The proposed optimization relied on the
design of specific shaping of the vertical, horizontal and corner connection joints, followed
by the finite element method (FEM) simulation of the heat flux and temperature distribution,
in comparison with the basic layout. For this purpose, the software COMSOL Multiphysics®

was implemented to carry out 2D and 3D simulations in the hypothesis of steady-state.

4. Results
4.1. Employment of Recycled EPS in Concrete Mixtures

The replacement of the fine aggregate (sand) in the concrete mixtures with EPS gran-
ules was carried out after the sieve selection of three sizes (1–2 mm, 2–4 mm, 4–8 mm).
The concrete, which is commonly produced in the factory, was assumed as a reference
specimen (S0). Thus, several combinations were considered (Table 3), by substitution of
increasing percentages in the volume of sand for the entire granulometric curve (S1–S4)
and by selective substitution in the volume of sand with specific sizes (S5–S10).

In all cases, in order to increase the cohesion of the EPS granules with the binding agent
(cement), the granules were preliminarily hydrophilized. Moreover, all of the mixtures were
prepared with a water/cement ratio equal to 0.55 and the addition of a superplasticizer to
improve the workability.

In order to measure the compression strength, fck,cube, three cubic specimens (150 × 150
× 150 mm) for each type were prepared and tested. The results are presented in Figures 4
and 5, with the latter showing how the compression strength decreases when the percentage in
volume of the replaced sand increases. The values range from 39.96 MPa for S7, corresponding
to 83% of the reference specimen S0 to 5.12 Mpa for S4, corresponding to 11% of S0.

Furthermore, in order to measure the thermal properties, three cylindrical specimens
(diameter = 100 mm, height = 50 mm) for each type were prepared and tested. The results
are shown in Table 4, as well as in Figures 6 and 7, with the latter showing how the thermal
conductivity decreases according to the density. Here, the thermal conductivity values
range from 1.77 W/mK for S7, corresponding to 100% of the reference specimen S0, to
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0.45 W/mK for S4, corresponding to 25% of S0. For some specimens, the water vapor
permeability and water vapor resistance factor were determined as well (Table 5).

Table 3. Characteristics of the EPS–concrete mixtures (background color highlights the granulometric
composition of EPS and sand in the mixture).

EPS SAND
Grain Size (mm) Grain Size (mm)Code

0–0.5 0.5–1 1–2 2–4 4–6 6–8 0–0.5 0.5–1 1–2 2–4 4–6 6–8
S0 100%V
S1 25% 75%V
S2 50% 50%V
S3 75% 25%V
S4 100%
S5 V(1–2) V(0–1) V(2–4)
S6 V(2–4) V(0–2) V(4–8)
S7 V(4–8) V(0–4)
S8 V(1–4) V(0–1) V(4–8)
S9 V(2–8) V(0–2)
S10 V(1–8) V(0–1)

Figure 4. Mechanical strength of all of the tested specimens.

Figure 5. Average mechanical strength versus percentage in volume of replaced EPS.
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Table 4. Measured thermal properties of the EPS–concrete mixtures.

Specimen Code Density
(kg/m3)

TC 1

(W/mK)
TD 1

(10−6 m2/s)
VHC 1

(106 J/m3K)

S0 2189.0 1.77 1.01 1.77
S1 1974.9 1.35 0.83 1.63
S2 1667.1 1.08 0.64 1.68
S3 1377.3 0.84 0.56 1.52
S4 1397.5 0.45 0.33 1.38
S5 1973.31 1.42 0.87 1.64
S6 2071.57 1.58 0.95 1.67
S7 2147.27 1.77 1.02 1.73
S8 1798.78 1.15 0.71 1.62
S9 1892.38 1.28 0.80 1.60
S10 1603.74 1.02 0.63 1.61

1 TC = thermal conductivity; TD = thermal diffusivity; VHC = volumetric heat capacity.

Figure 6. Thermal conductivity of the tested specimens.

Figure 7. Thermal conductivity versus density.
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Table 5. Measured hygrometric properties of the EPS–concrete mixtures.

Specimen Code WVP 1

(10−12 kg/(m s Pa))
WVRF 1

(-)

S0 3.61 53.76
S1 4.65 41.59
S2 4.57 42.46
S3 7.58 26.45
S4 6.60 29.29
S5 7.34 26.29

1 WVP = water vapor permeability; WVRF = water vapor resistance factor.

Based on the values of compression strength and density, the comparison against
the thresholds provided by UNI EN 206:2021 [58] and NTC2018 [59] was performed in
order to assess which mixtures might be considered lightweight concrete (1200 kg/m3

≤ ρ ≤ 2000 kg/m3) and structural concrete (fck,cube ≥ 18 MPa). Out of the ten specimens,
three were not lightweight concrete. Out of the lightweight concrete specimens, four were
suitable for structural purposes, while the remaining three were not (Table 6). In particular,
it was confirmed that the substitution of increasing the percentages in the volume of sand
by EPS for the entire granulometric curve (S1, S2, S3, S4), although more advantageous in
terms of preparation time and resources for the factory operators, leads to a decrease in the
density and mechanical properties, making the mixtures lightweight, but non-structural,
except for S1 with the lowest percentage (25%) of replacement.

Table 6. Classification of the tested specimens.

Specimen Code Structural Non-Structural Lightweight Normal

S1 x x
S2 x x
S3 x x
S4 x x
S5 x x
S6 x x
S7 x x
S8 x x
S9 x x
S10 x x

Finally, the structural mixtures (S1, S5, S6, S7, S8, S9) were evaluated in terms of
thermal conductivity, leading to the identification of S8 (replacement of 1–4 mm sand with
corresponding size EPS) as the maximum-performance solution, namely, the best heat
insulation behavior (λ = 1.15 W/mK) for energy saving by a load-bearing wall.

4.2. Design of Construction Joints to Prevent Thermal Bridges

In order to prevent constructional bridges of the patented wall system, the horizontal
and vertical joints were designed based on symmetrical S-shaped profiles for both the
EPS and RC panels, so that the opposite profiles matched (Figure 8). Thus, a model of
two panels with such connection joints was developed by CAD and imported into the
software COMSOL Multiphysics® for 2D and 3D simulations of the thermal behavior in the
hypothesis of steady-state, with the purpose of observing the temperature distribution and
the heat fluxes in significant sections of the building component, given certain boundary
conditions.
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Figure 8. FEM-simulated wall.

As input data, the temperature difference between indoor and outdoor (Figure 9) was
set equal to 20 ◦C (293.15 K) according to the Italian normative dispositions [60]. Moreover,
the thickness, density, thermal conductivity and vapor permeability of the wall layers were
attributed based on the experimental results of the previous section, considering that the
external EPS and RC panels were made with the basic materials of the patented solution,
while the inner cavity was composed of the structural mixture S1, with a replacement of
25% of the sand with the equivalent volume of recycled EPS particles (Table 7).

Figure 9. Temperature (K) set-up on the FEM wall.
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Table 7. Properties of the FEM-simulated wall.

Wall Layer Thickness (m) Density (Kg/m3) TC 1

(W/mK)
WVRF 1

(-)

Indoor heat transfer coefficient 7.70
EPS 50 10 0.04 27.5
S0 50 2189 1.77 53.7
S1 150 1975 1.35 41.6
S0 50 2189 1.77 53.7

EPS 50 10 0.04 27.5
Outdoor heat transfer coefficient 25

1 TC = thermal conductivity; WVRF = water vapor resistance factor.

A preliminary analysis was meant to assess how the truss-type reinforcement in the
inner cavity might affect the heat flux lines across the component. The results show that
the thermal isometric lines undergo noticeable deviations across the metallic elements
due to the variations of the local temperatures. Such deviations tend to lessen on the
yz planes according to the distance from the inner cavity, and they are negligible on the
external surface.

In detail, as shown in Figure 10, on the yz plane crossing the truss-type reinforcement,
the thermal isometric lines are concentrated in limited areas where the temperatures
significantly increase compared with the surroundings (right); on the yz plane crossing the
RC panel, the lines become denser on the horizontal and vertical projections of the cavity
reinforcement behind, although they correspond to lower temperature differences (central);
on the yz plane crossing the EPS panel, they are marginally deviated in correspondence
with the metallic elements (left). In this case, the temperature ranges from 273 K to 293 K
(Figure 11). The results are confirmed by the temperature maps and heat flux lines on the xz
and xy planes (Figure 12), where the local temperature differences across the reinforcement
bars make the heat flux lines irregular and dense compared with the spaced and linear
pattern in the precast panels.

1 
 

 

Figure 10. Overview of the thermal isometric lines on the yz planes.

Looking in more detail at the xy plane across the construction joints with the above-
mentioned S-shaped profiles, the temperature distribution in the layers was observed. The
results (Figure 13) point out how both the internal (50 mm) and the external (50 mm) EPS
panels undergo a temperature drop of about 9 K each. Moreover, the temperature is almost
stable across the S1 inner cavity. Finally, both the internal (50 mm) and the external (50 mm)
RC panels undergo a temperature drop of about 2 K each. It should be observed that no
thermal anomalies resulted across the S-shaped profiles.
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Figure 11. Detail of the thermal isometric lines on the panel with transparency on the reinforcement
behind (left) and relative temperature map and values (right).

Figure 12. Temperature maps and heat flux lines on representative xz (left) and xy (right) plane.

Figure 13. Temperature distribution (left) and isothermal lines on a representative xy plane (right) of
the system with S-shaped joints.

The beneficial effects of the proposed connection joints were further validated by
comparison with the conventional system, where the modules are installed side by side,
leaving the function of making them cohesive to the onsite concrete casting. In this case
(Figure 14), the temperature reductions from the indoor to the outdoor were found as
follows: 1.5 K in the EPS panel, 3 K in the RC panel, 5 K in the inner cavity, 1 K in the
RC panel and 9.5 K in the EPS panel. Therefore, looking at the thermal isometric lines
for both solutions (Figure 15), it should be observed that the external EPS panel is always
able to mitigate the thermal dispersions across the components. However, the solution
with S-shaped profiles performs better in terms of temperature distribution. In fact, the
temperature difference between the two EPS panels is about 1.5 K (282.5 K–284 K)—against
about 8 K (284.5 K–292.5 K) in the conventional system—meaning that the inner cavity
is kept warmer and more stable in terms of the thermal conditions across the transversal
section. Furthermore, in the conventional system, a thermal bridge occurs at the joints,
where the temperature trend is perturbed and the thermal isometric lines are arranged



Sustainability 2022, 14, 3558 14 of 18

according to the typical “bottleneck” layout due to physical discontinuities with concentric
and opposite curves.

Figure 14. Temperature distribution (left) and isothermal lines on a representative xy plane (right) of
the system with conventional joints.

Figure 15. Comparison of the temperature maps and thermal isothermal lines on representative xz
planes of the system with S-shaped (left) and conventional (right) joints.

It is worth mentioning that the behavior of the conventional joints is not significantly
affected by the presence of finishings on the internal and external surfaces. In fact, assuming
an internal 20 mm layer of gypsum–lime plaster and an external 1 mm layer of acrylic
plaster, we can observe how the temperature trends are very similar to those relating to
the solution without finishings. In this case, the temperature reductions from the indoor
to the outdoor were found as follows: 0.2 K in the layer of gypsum–lime, 2.8 K in the EPS
panel, 1.5 K in the RC panel, 2.5 K in the inner cavity, 1 K in the RC panel, 11.5 K in the
EPS panel and 0.5 K in the layer of acrylic plaster (Figure 16). The comparison between the
trends of the isothermal lines relative to the solutions without and with the finishing layers
shows how they have the same trend and how said layers do not provide any significant
contribution in terms of attenuation of the thermal bridge (Figure 17).
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Figure 16. Temperature distribution (left) and isothermal lines on a representative xy plane (right) of
the system with conventional joints and finishing layers.

Figure 17. Comparison of the thermal isothermal lines on representative xz planes of the system with
(left) and without (right) finishings.

5. Conclusions

The paper has proposed and validated the overall improvement of the energy per-
formances of a patented precast EPS-RC double skin wall, addressing both the design of
high-performing insulation solutions and the selection of sustainable materials, according
to a life-cycle approach. To this end, some new formulations for the concrete mixtures were
studied and tested, based on the partial or total replacement of the volume of sand aggre-
gates with EPS granules, as discarded from the production process. The results showed
that, depending on the mix design, a variety of conglomerates—lightweight or normal,
structural or non-structural—might be produced that combine different levels of thermal
insulation, mechanical resistance and reuse of tailings as secondary raw materials.

Furthermore, suitable horizontal and vertical joints with S-shaped profiles to connect
the adjacent wall modules were designed and simulated in order to prevent constructional
thermal bridges. The results showed that the proposed solutions are effective for the
purpose, and confirmed that the wall system with an external EPS panel is not significantly
affected by the presence of the inner reinforcement in terms of thermal anomalies on the
outdoor surface. In conclusion, the research has provided reliable data for the feasible,
effective and versatile application of the investigated building components, as well as
contributing toward the optimization of prefabrication products and processes, as key
actors in the path toward the energy efficiency and sustainability of new constructions and
deep renovations.
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