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Abstract: The growing concern for the environment and the depletion of raw materials such as fossil
fuels is driving research towards the exploitation of new materials and the development of new
technologies. Phase-change materials (PCMs) are increasingly used to reduce the energy required for
the heating/cooling of buildings. The biggest challenge is to find a PCM with suitable characteristics
able to meet the needs of the different climates in which it is placed. The originality of our research,
therefore, lies in the possibility of selecting the most appropriate polymer to produce a PCM suitable
for different climatic conditions that characterize the area in which a building is located. Furthermore,
the proposed form-stable PCMs were obtained by including low-toxic, low-flammability polymers in
waste stone fragments, according to the principles of a circular economy. These original sustainable
PCMs were then used as aggregates by adding them to mortars (based on air lime, hydraulic lime,
cement and gypsum). The mortars containing the PCMs were analyzed in fresh (workability) and
hardened (flexural and compressive strengths and thermal characteristics) states. The results obtained
showed that although the inclusion of PCM reduced the mechanical properties of the mortars, good
mechanical properties can be still achieved by using an adequate binder content. The produced
mortars were also analyzed by thermal analysis to assess how the addition of a PEG-based PCM
affected their thermal behavior. The original PCMs were proven to be effective in improving the
indoor temperature when included in mortars applied as plasters.

Keywords: circular economy; energy efficiency of buildings; Lecce stone; phase change materials
(PCMs); sustainable mortars; thermal energy storage (TES)

1. Introduction

The energy necessary for indoor thermoregulation (heating in the cold season and
cooling in the hot season) of buildings is one of the main sources of consumption of
energy based on fossil fuels. In European countries, almost 40% of energy is used for
heating/cooling of buildings. This energy is then directly linked to CO2 emissions, which
are responsible for the alarming change in climate [1,2]. Global warming is in turn continu-
ously increasing the energy necessary to reduce indoor temperatures. To reduce energy
consumption, and consequently contain the environmental problems connected to CO2
emissions, it is necessary to achieve high levels of energy efficiency in buildings.

Starting from these issues, scientific interest in new materials able to improve the en-
ergy efficiency of buildings is constantly growing. Among the most promising approaches
are thermal energy storage (TES) systems, able to ensure the internal comfort of the in-
habitants [3]. This approach involves the use of a phase change material (PCM), a system
capable of absorbing and releasing energy following changes in external temperatures
that change its physical state from solid to liquid and vice versa [4]. The integration of a
suitable PCM in a building component, for example, in a mortar or in a plaster, can limit
the indoor temperature variations regardless of the external conditions, ensuring human
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comfort along with a reduced energy consumption. In recent years, various PCMs have
been developed and tested [5–7]. It is possible, therefore, to select the most appropriate
system based on the purpose and specific application [8,9].

Adding a PCM to a mortar is an easy way to include such a system in the building
elements, and it is also very efficient due to the large heat transfer surfaces that the mortars
offer. In this regard, several studies on form-stable PCMs embedded in cementitious
materials have been conducted [10–12], with the aim of improving the energy efficiency of
a building, making it thermally sustainable. Since the incorporation of a PCM is reported
to substantially modify the physical (mechanical, workability, etc.) properties of the mortar
in which it is included [13–16], the composition of the mortar must be suitably modified.
A solution to obtain adequate mechanical properties, for example, is the addition of a
superplasticizer [17,18]. Hydraulic binders and air lime have been also proposed; the
inclusion of PCMs in them can be, in fact, a solution to improve the energy efficiency of
buildings of recognized historical and artistic value [19,20].

Among the three methods available for introducing a PCM into a mortar, namely the
form-stable method, micro-encapsulation and macro-encapsulation, the first is the most
commonly used. Compared to the other two, in fact, the form-stable method is generally
more efficient and cheaper [10,21]. The active component of a form-stable PCM, for instance
a polymer, is absorbed into an inert support to produce a composite PCM. The composite
PCM granules are then added as aggregates to a mortar, giving the latter the ability to
thermoregulate the internal environment in which it is applied. In this way, it is also
possible to obtain a PCM with high thermal resistance, as the inert support retains the
active (polymeric) phase, preventing its leakage during temperature variations [22–24].

In this context, original sustainable form-stable PCMs were produced. As an inert
support, waste from the processing of a porous stone typical of Salento, Pietra Leccese, was
used. As the active component of the PCM, a low-toxic and low-flammability polymer
was chosen, namely polyethylene glycol (PEG). In addition to its low cost and sustainable
characteristics, this polymer was selected because it is possible to obtain PEGs with differ-
ent molecular weights corresponding to various intervals of phase change, i.e., different
melting/crystallization temperature ranges. This feature allows the creation of PCMs that
are capable of undergoing a phase change in response to different environmental conditions,
thus producing different PCMs based on the expected outdoor climate. The PCMs were
produced according to the principles of sustainability and the circular economy, selecting
sustainable materials which were also derived from waste from other processes.

This work, which is part of a larger research project, proposes the integration of several
PEG-based PCMs in mortars based on different binders. Two PEGs (i.e., PEG 800 and PEG
1000), selected on the basis of the different phase change ranges they offer (as showed
in Figure 1a), were included in flakes of a porous stone, derived from the extraction and
processing of Lecce stone. To activate the thermal energy accumulation/release process,
the temperature of the environment in which the PCM is placed must be within the phase
change temperature range of the PCM itself. Based on their respective phase change ranges,
PEG 800 was selected to create a PCM suitable for a continental climate, while PEG 1000
was selected to produce a PCM for a Mediterranean climatic area (see Figure 1b). This is a
further important novelty of the presented work, i.e., creating a PCM that can be adapted
to any specific climatic condition. In addition, including PCMs based on both PEGs in the
mortars, i.e., a 50/50 LS/PEG 800–LS/PEG 1000 mix, allows to extend the phase change
interval, making the PCM effective over a wider temperature range.

The produced PCMs were then added as aggregates to mortars based on aerial and
hydraulic lime, gypsum and cement. The effect of the inclusion of PCMs on the properties
of mortars in the fresh (workability) and hardened state (compressive and flexural strength)
was evaluated, taking the same mortars without PCM as a reference. In this way, it was
possible to verify whether the mortars modified with PCM were still suitable as interior
plaster. Finally, the thermal properties of the mortars containing the new PCMs were
studied to evaluate their ability to absorb and release thermal energy as the environmental
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temperature varied, and therefore their ability to thermoregulate the rooms where the
mortars are applied.

2. Materials and Methods
2.1. Materials

Two poly-ethylene glycol polymers were selected in this study, namely PEG 800
(Wuhan Fortuna Chemical Co., Wuhan, China) and PEG 1000 (Sigma-Aldrich Company,
Darmstadt, Germany). They differ in their molecular weight (as also indicated in their trade
names, e.g., PEG 800 and PEG 1000) and, consequently, in the respective phase change
temperature range [25,26]. In Figure 1a, the thermograms obtained by differential scanning
calorimetry (DSC, Stare System, Mettler Toledo, Columbus, OH, USA) analysis performed
on both PEG polymers illustrates the melting and crystallization range of temperatures
measured on PEG 800 and PEG 1000, respectively [26]. The same calorimetric test was
repeated on the PCMs produced with the two PEGs. In Figure 1b, the DSC curves obtained
for LS/PEG 800 PCM and LS/PEG 1000 PCMs are reported [26]. Based on these results,
PEG 800 was proposed to produce a PCM suitable for a cold (continental) climate, while
the PEG 1000-based PCM was considered suitable for a warm climate, characteristic of
Mediterranean regions.

Figure 1. DSC curves of: (a) PEG 800 and PEG 1000 polymers; (b) LS/PEG 800 PCM and LS/PEG
1000 PCMs. Reproduced with permission from Sarcinella A. et al., Physical Properties of an Eco-
Sustainable, Form-Stable Phase Change Material Included in Aerial-Lime-Based Mortar Intended for
Different Climates, published in Materials, 2022 [26].

The PEG 800 and PEG 1000 polymers were used to produce form-stable PCMs by
including them in an inert matrix composed of flakes of Lecce stone (LS). Lecce stone, a
calcareous limestone extracted in the Salento area (Cursi, Lecce, Italy), is characterized
by a very high open porosity (average pore radius: 0.054 ± 0.036 µm, total open porosity:
30.33 ± 0.99%) [13]. Small pieces of LS, therefore, are suitable to serve as an inert support
matrix for a PCM. By adopting this strategy, it was possible to enhance local waste stone
(derived from extraction from quarries) which would otherwise be thrown away at addi-
tional costs. The stone fragments were ground with a mill and sieved to obtain particles
with an adequate particle size (i.e., in the range of 1.6–2.0 mm) to be used as aggregates
in mortars.

A simple and economical procedure was employed for the production of form-stable
PCMs, obtained with each of the two PEGs. Each PEG was brought to a liquid state
(i.e., heated above its melting point). Then, it was absorbed into Lecce stone granules
by means of a vacuum impregnation process using a PEG/LS weight ratio of 1/5. The
PCM composites obtained were referred to as LS/PEG 800 and LS/PEG 1000, respectively.
The Lecce stone granules before the impregnation process, LS/PEG800 and LS/PEG1000
composites, are illustrated in Figure 2.
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Figure 2. Aggregates used to produce the mortars: (a) granules of Lecce stone (LS) to manufacture
the reference mortars; (b) granules of LS/PEG800 composite PCM; (c) granules of LS/PEG1000
composite PCM.

LS/PEG 800 and LS/PEG 1000 PCMs were finally added to mortars based on different
binders, namely aerial lime, hydraulic lime, gypsum and cement. The binders were
supplied by different Portuguese companies, with the following reported properties: aerial
lime, AL (density: 2450 kg/m3), by Lhoist (Alcanade, Portugal); hydraulic lime, HL
(density: 2700 kg/m3), by Cimpor (Lisbon, Portugal); gypsum, G (density: 2960 kg/m3), by
Sival (Souto da Carpalhosa, Leira, Portugal); and CEM I 42.5 R cement, C (density: 3030
kg/m3), by SECIL (Lisbon, Portugal). The mortars, containing one of the two PCMs or
a mix of LS/PEG 800 and LS/PEG 1000 (50:50 by weight), were characterized in fresh
and hardened state, determining their workability, flexural and compressive strength and
thermal properties. For comparison purposes, reference mortars containing unimpregnated
LS granules as aggregate were also produced and analyzed. A superplasticizer (SP), a
polyacrylate (MasterGlenium SKY 627 supplied by BASF, Porto, Portugal), was added to
each mortar in order to limit the quantity of water necessary to obtain an adequate level of
workability. Table 1 reports the compositions of the mortars under study which offered
the best mechanical properties, as proven in previous studies [25,26]. The mortars were
produced according to European Standard EN 998-1 [27], cast in standard-sized iron molds
and cured for 28 days under standard conditions (25 ◦C and R.H. of 50%).

Table 1. Compositions of the produced mortars (reported as kg/m3).

Mortars Binder
Content Aggregates SP Water

Saturation 1 Water Water/
Binder

LS PEG 800
Content

PEG 1000
Content

AL800_LS
800

175 0 0 15 44 600 0.75
AL800_LS/PEG 1000 220 0 51 15 0 600 0.75

AL1000_LS
1000

668 0 0 20 168 347 0.35
AL1000_LS/PEG 800 979 225 0 20 0 310 0.31

AL1000_LS/PEG 800_LS/PEG 1000 979 113 113 20 0 310 0.31

HL800_LS
800

1092 0 0 15 275 320 0.40
HL800_LS/PEG 1000 1729 0 398 15 0 375 0.47

HL1000_LS
1000

682 0 0 20 171 380 0.38
HL1000_LS/PEG 800 1082 249 0 20 0 320 0.32

HL1000_LS/PEG 800_LS/PEG 1000 1082 124 124 20 0 320 0.32
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Table 1. Cont.

Mortars Binder
Content Aggregates SP Water

Saturation 1 Water Water/
Binder

LS PEG 800
Content

PEG 1000
Content

G800_LS
800

1169 0 0 15 294 329 0.40
G800_LS/PEG 1000 1472 0 339 15 0 340 0.43

G1000_LS
1000

763 0 0 20 192 385 0.39
G1000_LS/PEG 800 1129 260 0 20 0 336 0.34

G1000_LS/PEG 800_LS/PEG 1000 1129 130 130 20 0 340 0.34

C800_LS
800

1070 0 0 15 269 296 0.37
C800_LS/PEG 1000 1347 0 310 15 0 360 0.45

C1000_LS
1000

772 0 0 20 194 390 0.39
C1000_LS/PEG 800 1307 301 0 20 0 300 0.30

C1000_LS/PEG 800_LS/PEG 1000 1307 150 150 20 0 300 0.30

1 Amount of water used to saturate the LS aggregates before mixing. This procedure is not necessary when LS
contains a PEG, since the stone granules are already saturated by the polymer.

2.2. Methods

The workability test was carried out on fresh mortars, on those containing a PEG-
based PCM and on reference mortars using the flow table method, according to EN 1015-3
standard [28]. For each mortar formulation, the workability test was repeated at least three
times, and the average of the results was taken.

The latent heats and the phase change temperatures were assessed on LS/PEG 800 and
LS/PEG 1000 composites as well as on hardened mortars including a PEG-based PCM. To
this aim, specimens of a LS/PEG composite or of a mortar were analyzed in a DSC1 (Stare
System, Mettler Toledo, Columbus, OH, USA) instrument. Each sample (weight: 10–20 mg)
was subjected to a thermal cycle, with first a heating stage in the range of −10 ◦C–+80 ◦C
and a subsequent cooling stage in the range of +80 ◦C–−10 ◦C, employing a 10 ◦C/min
heating/cooling rate. The DSC tests were performed under an inert (nitrogen) atmosphere
on at least three specimens for each material, and the results were averaged.

A simple test, as suggested in [29], was performed on the granules of LS/PEG PCMs
to evaluate any losses due to the permanence of each PCM at a temperature higher than
its melting point, in order to evaluate whether heating the PEG 800 or PEG 1000 polymers
causes them to come out of the LS flakes.

The effect of the addition of a PEG-based PCM on the mechanical properties of the
mortars was evaluated through flexural and compressive tests, according to the European
Standard EN 1015-11 [30]. The tests were performed in a Lloyd dynamometer (LR50K Plus
by Ametek Company, Berwyn, PA, USA) machine, employing a speed of 6 µm/s in flexural
tests and 12 µm/s in compressive tests. The results of the experiments performed on five
specimens for each mortar, containing or not containing a PCM composite, were averaged.

Finally, the ability of some of the mortars containing PEG-based PCMs to improve
the energy efficiency of the building where they were applied was assessed, employing
a climatic chamber as detailed in [31]. With this procedure, it is possible to identify the
optimal PCM for each climatic condition, i.e., the one which when incorporated in the
mortar provides the best energy performance.

3. Results
3.1. Workability

The workability of the produced mortars was first assessed. The average results are
reported in Table 2, with the range of data variation. From the observation of the data
reported in Table 2, it can be concluded that all the produced mortars displayed an adequate
workability, irrespective of their composition and of the presence or not of PCM. According
to [32], workability must be in the range of 160–180 mm.
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Table 2. Workability values of the mortars whose compositions are reported in Table 1.

Mortar Workability (mm)

AL800_LS 175 ± 3.0
AL800_LS/PEG 1000 180 ± 2.0

AL1000_LS 178 ± 2.0
AL1000_LS/PEG 800 160 ± 3.0

AL1000_LS/PEG 800_LS/PEG 1000 175 ± 2.0
HL800_LS 165 ± 2.0

HL800_LS/PEG 1000 175 ± 2.0
HL1000_LS 175 ± 1.0

HL1000_LS/PEG 800 170 ± 3.0
HL1000_LS/PEG 800_LS/PEG 1000 163 ± 2.0

G800_LS 160 ± 1.0
G800_LS/PEG 1000 160 ± 1.0

G1000_LS 170 ± 4.0
G1000_LS/PEG 800 165 ± 3.0

G1000_LS/PEG 800_LS/PEG 1000 163 ± 1.0
C800_LS 160 ± 1.0

C800_LS/PEG 1000 178 ± 3.0
C1000_LS 180 ± 0.5

C1000_LS/PEG 800 170 ± 1.0
C1000_LS/PEG 800_LS/PEG 1000 170 ± 4.0

3.2. Latent Heats and Phase Change Temperatures, Leakage Test

In Table 3, the results of the DSC tests performed on LS/PEG 800 and LS/PEG 1000
composites and on the hardened mortars, including PEG-based PCMs, are shown. The
range of data variation is also reported. From these tests it was possible to measure the
latent heats during the melting and crystallization processes and the relative phase change
temperatures. Mortars that did not contain PCM were also tested; in such materials, as
expected, no melting/crystallization process was observed, therefore the results are not
presented in Table 3.

Table 3. Results of DSC tests performed on LS/PEG 800 and LS/PEG 1000 composites and on mortars
containing a PEG-based PCM. (∆H: enthalpy measured during melting or crystallization processes.
Tp: peak temperature of melting or crystallization processes.)

Sample ∆H (J/g) Tp (◦C)

Melting (heating stage)

LS/PEG 800 28.3 ± 3.4 12.7 ± 1.4
AL1000_LS/PEG 800 11.8 ± 0.4 15.0 ± 1.0
HL1000_LS/PEG 800 9.1 ± 0.9 14.0 ± 0.8
G1000_LS/PEG 800 7.8 ± 0.6 16.4 ± 0.8
C1000_LS/PEG 800 9.5 ± 0.5 17.3 ± 0.2

LS/PEG 1000 27.7 ± 0.9 39.3 ± 0.7
AL800_LS/PEG 1000 7.6 ± 1.3 27.9 ± 0.5

AL1000_LS/PEG 800_LS/PEG 1000 9.7 ± 2.1 32.3 ± 0.8
HL800_LS/PEG 1000 7.9 ± 0.9 26.0 ± 0.8

HL1000_LS/PEG 800_LS/PEG 1000 9.1 ± 1.2 32.4 ± 2.6
G800_LS/PEG 1000 7.8 ± 1.2 28.9 ± 1.0

G1000_LS/PEG 800_LS/PEG 1000 8.1 ± 0.4 30.8 ± 1.6
C800_LS/PEG 1000 7.7 ± 0.2 30.0 ± 0.3

C1000_LS/PEG 800_LS/PEG 1000 9.7 ± 0.9 33.5 ± 0.2

Crystallization (cooling stage)

LS/PEG 800 28.1 ± 0.9 9.3 ± 0.9
AL1000_LS/PEG 800 12.5 ± 1.0 13.1 ± 1.1
HL1000_LS/PEG 800 10.3 ± 1.2 12.4 ± 3.0
G1000_LS/PEG 800 9.2 ± 1.1 11.0 ± 0.3
C1000_LS/PEG 800 10.5 ± 1.0 13.0 ± 1.3

LS/PEG 1000 26.2 ± 1.1 19.4 ± 0.9
AL800_LS/PEG 1000 8.8 ± 1.2 14.6 ± 1.1

AL1000_LS/PEG 800_LS/PEG 1000 10.8 ± 1.4 18.6 ± 1.6
HL800_LS/PEG 1000 6.0 ± 0.7 13.5 ± 0.2

HL1000_LS/PEG 800_LS/PEG 1000 9.2 ± 3.5 15.2 ± 0.5
G800_LS/PEG 1000 7.5 ± 1.2 10.8 ± 0.7

G1000_LS/PEG 800_LS/PEG 1000 9.2 ± 1.8 17.5 ± 2.3
C800_LS/PEG 1000 8.7 ± 0.4 10.8 ± 0.3

C1000_LS/PEG 800_LS/PEG 1000 11.3 ± 3.4 19.5 ± 2.4

From the observation of the data presented in Table 3, it can be concluded that the
phase change temperature of the mortar mainly depends on the phase change temperature
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of the relative PEG that was contained in the mortar; the lower the peak temperature
of melting (or crystallization) of PEG, the lower the peak temperature of melting (or
crystallization) measured in mortar. This, in turn, implies that the most suitable PEG
polymer can be selected based on the expected external temperature, i.e., the polymer that
changes phase due to the temperature variations typical of a geographical area. This result
confirms the correctness of the adopted strategy. Using a mix of both PEG-based PCMs, i.e.,
LS/PEG 800:LS/PEG 1000 50:50 wt., a wider phase change temperature range, during both
the melting and crystallization processes, was measured. This PCM composite, therefore,
could be suitable for a region where large temperature variations are expected (between
day and night or between winter and summer).

The results of the leak test demonstrated that there was no loss of PEG polymer from
the LS granules if the LS/PEG composites were left at a temperature equal to the melting
point of the respective PEG (i.e., 30–35 ◦C for PEG 800 and 45–50 ◦C in the case of PEG
1000). By performing the same test at a temperature much higher than their respective
melting points (i.e., 75–80 ◦C in both cases), minimal polymer loss was found in both
PCMs, i.e., around 0.3–0.4%. This test therefore demonstrated that PCMs produced with
the form-stable method, using Lecce stone granules as an inert matrix for a PEG polymer,
are thermally stable. As further confirmation, thermal cycling tests are in progress on both
PEG-based PCMs, the results will be presented in a forthcoming work.

3.3. Mechanical Properties

It is well known from the literature that the introduction of a PCM in a mortar leads to
a decrease in its mechanical strength properties [16,33]. To ascertain whether the produced
mortars containing a PEG-based PCM were still suitable for their intended purposes, their
mechanical properties in flexural and compressive mode were measured after 28 days of
aging. For comparison purposes, the same tests were also carried out on the reference
mortars, i.e., those which did not contain a PCM. The results of the mechanical tests carried
out on the mortars under analysis are summarized in Table 4; the ranges of variation in the
results are also reported. The same table also shows the indication of the classification of
each mortar, according to the NP EN 998-1 standard [27].

As expected, the introduction of a PCM into the mortars caused a significant reduction
in their mechanical properties, regardless of the type of binder and PEG. Flexural strength
is substantially dependent on the type of binder and its content in the mortars; no clear
influence on this property can be attributed to the PCM composition, in particular to the
PEG type. Flexural strength values not exceeding 2.3 MPa were found in all mortars
containing a PEG-based PCM, the highest values were recorded in mortars with a binder
content of 1000 kg/m3. Aerial lime-based mortars offered the lowest flexural properties,
even in the absence of a PCM.

In relation to the compressive strength, it is possible to reach values suitable for the
intended purpose (i.e., production of mortars for plasters) in the case of hydraulic lime,
gypsum and concrete, especially in correspondence with the highest content of binder. The
compressive strength of mortars with a binder content of 1000 kg/m3, in fact, reached
at least the classification of CS II, according to the standard NP EN 998-1. Lime-based
mortars could only be proposed for the internal restoration of historic buildings, where
lower mechanical resistance is required and it is mandatory to select materials similar to
those originally used.

The last part of this extensive project was dedicated to the evaluation of the effective-
ness of the new PCMs as thermoregulators of an indoor environment when inserted in
mortars applied as plasters. Experimental thermal tests were carried out on the mortars
offering the highest mechanical strength values in a climatic chamber capable of simu-
lating different external climatic conditions by recording the temperature inside a small
room where the mortars under analysis were applied. Two climatic conditions relating to
different European countries were simulated, namely those characteristic of the Mediter-
ranean region and those of the continental areas. The results of these tests first confirmed
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that the new LS/PEG composites are effective as phase change materials. In fact, it was
found that mortars containing a PCM were able to reduce internal temperature fluctuations
in response to changes in external temperature. The efficacy of PEG-based PCMs was
especially evident in the simulated warmest season. Therefore, the new PCMs will be
particularly suitable for the thermoregulation of indoor environments during summer. The
best performances were found for the PEG 1000-based PCM, i.e., the one that has a phase
change interval shifted towards higher temperatures. Applying a mortar containing a PEG
1000-based PCM, therefore, could lead to a reduction in the energy consumption required
for the internal cooling of buildings in hot climates. PEG 800, on the other hand, was best
suited for temperate climates. With neither of the two PEGs was it possible to achieve high
benefits in terms of energy savings during the cold seasons. Finally, mortars containing a
mixture of both PEG-based PCMs, i.e., LS/PEG 800 and LS/PEG 1000, can be proposed for
climates characterized by a wide temperature range.

Table 4. Mechanical properties of the mortars whose compositions are reported in Table 1 measured
in flexural and compressive mode. (The category of mechanical strength of the mortars according to
the NP EN 998-1 standard is shown in brackets.)

Mortar Flexural Strength (MPa) Compressive Strength (MPa)

AL800_LS 0.9 ± 0.0 1.5 ± 0.1 (CS I)
AL800_LS/PEG 1000 0.5 ± 0.1 1.2 ± 0.1 (< CS I)

AL1000_LS 0.6 ± 0.2 1.5 ± 0.2 (CS I)
AL1000_LS/PEG 800 0.3 ± 0.1 0.4 ± 0.0 (< CS I)

AL1000_LS/PEG 800_LS/PEG 1000 0.4 ± 0.0 0.6 ± 0.1 (< CS I)
HL800_LS 2.8 ± 0.5 17.0 ± 0.2 (CS IV)

HL800_LS/PEG 1000 0.4 ± 0.1 1.5 ± 0.1 (CS I/CS II)
HL1000_LS 5.2 ± 1.5 11.7 ± 0.5 (CS IV)

HL1000_LS/PEG 800 2.3 ± 0.4 3.5 ± 0.2 (CS II-CS III)
HL1000_LS/PEG 800_LS/PEG 1000 2.1 ± 0.5 3.6 ± 0.5 (CS II-CS III)

G800_LS 4.1 ± 0.2 16.4 ± 0.6 (CS IV)
G800_LS/PEG 1000 1.6 ± 0.2 3.3 ± 0.3 (CS II)

G1000_LS 9.3 ± 1.3 22.3 ± 0.2 (CS IV)
G1000_LS/PEG 800 1.7 ± 0.0 4.3 ± 1.7 (CS II-CS III)

G1000_LS/PEG 800_LS/PEG 1000 2.3 ± 0.0 6.2 ± 0.5 (CS II-CS III)
C800_LS 9.2 ± 0.9 26.3 ± 0.4 (CS IV)

C800_LS/PEG 1000 1.9 ± 0.3 3.4 ± 0.8 (CS II)
C1000_LS 11.8 ± 1.1 65.6 ± 6.1 (CS IV)

C1000_LS/PEG 800 2.1 ± 0.1 3.9 ± 1.2 (CS II-CS III)
C1000_LS/PEG 800_LS/PEG 1000 2.0 ± 0.2 4.4 ± 0.7 (CS II-CS III)

The quantification of the energy savings, with relating cost, for cooling needs obtained
with the introduction of a PCM in the mortars, is currently underway and will be presented
in a forthcoming manuscript. Energy savings for cooling needs will be related to the
specific climatic conditions of the place where the mortars will be applied, in order to
select the PCM composition offering the greatest advantages in relation to the expected
external climate.

4. Conclusions

In this work, the effect of the integration of form-stable PCMs, based on two polyethy-
lene glycol polymers, in different mortars on their fluid and solid state properties was
investigated. The PEGs used to produce the PCMs (i.e., PEG 800 and PEG1000) were
selected on the basis of their phase change temperatures. The PEGs were included in an
inert matrix composed of flakes of Lecce stone waste by means of a simple and inexpensive
procedure, obtaining different PCMs. The composite PCMs, obtained in the form of gran-
ules, have been added as aggregates to mortars based on air lime, hydraulic lime, cement
and gypsum. The main findings of the study can be summarized as follows:

1. It is possible to produce composites to be employed as effective phase change materials
starting from non-toxic PEG polymers and waste stone materials, in compliance with
sustainability and the principles of the circular economy;

2. Since the type of PEG determines the temperature range in which the PCM operates,
through an appropriate choice of the PEG, it is possible to create a PCM suitable for a
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specific climatic condition, i.e., for the first time it is possible to adapt the PCM to the
expected climate;

3. The presence of PEG-based PCMs in the mortars affected their characteristics, es-
pecially their mechanical properties; however, it was possible to obtain adequate
mechanical properties by adequately adjusting the mortar compositions, using a high
binder content in combination with a plasticizer.

In further developments of the project, the durability of mortars containing a PEG-
based PCM when exposed to different environmental conditions is being investigated.
Furthermore, various porous inert supports capable of including the PEG polymer are
being studied, exploiting different waste materials or by-products of other processes.
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