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Abstract. Academic and industrial research are moving towards the development of innovative
solutions and materials able to limit energy consumption for the thermoregulation of a building.
One solution is the use of phase change materials (PCMs) that can absorb, store, and release
energy according to their physical state that changes when the ambient temperatures changes. In
this work, new sustainable PCMs were developed through the “form-stable” method according
to the principles of Circular Economy. The new PCM materials consisted, in fact, of an inert
matrix (obtained as byproduct of stone processing) impregnated by low toxic, low flammable
polymer, namely polyethylene glycol (PEG). The PEG/stone composite materials were used to
replace the fine aggregates in mortars based on different binders providing the mortars with
thermoregulation performance. A comprehensive characterization was performed on the new
PCMs by evaluating their thermal stability and thermal efficiency. The main properties (in fresh
and hardened states) of the mortars with or without PCMs were analyzed. The mortars containing
PCMs were also subjected to further investigations to evaluate their thermal behavior in response
to external climatic conditions. Encouraging results were obtained, confirming the effectiveness
of the mortars containing the new PCMs in the thermoregulation of indoor environments.

1. Introduction

Energy efficiency in buildings is becoming one of the key steps to avoid energy waste. The building
sector is a major contributor to massive energy use. Most of this is, in fact, used to power cooling and
heating devices [1]: the more energy we consume, the greater the negative impact on the environment.

Climate change is now a reality and avoiding waste, decreasing use, and being more energy
independent is possible with the use of alternative sources [2]. The possibility of storing energy to use
it in times of need is becoming a very current line of research and it is on this path that this work fits.
For several years, the behavior of some materials using the Latent Heat Thermal Energy Storage
(LHTES) approach has been studied [3]. These materials, known with the name of Phase Change
Materials (PCMSs), can store energy by absorbing it from the environment while changing their physical
state. Specifically, a PCM can become liquid from its solid state if the external temperature increases.
During this transition of state, it absorbs thermal energy, which is stored and then released when the
PCM returns to the solid state as the temperature decreases [4,5]. External temperatures are on average
high during the day and decrease at night. During this cycle, the PCM can undergo state changes,
absorbing, storing, and releasing energy. Of all the possible applications of a PCM, its inclusion in
building materials is certainly the most interesting. Over the years, several PCMs have been incorporated
into wallboards [6,7], floors [8,9], ceilings [10], bricks [11,12] and even in windows [13,14]. However,
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the most common solution involves embedding PCM within mortars because they can cover a very large
surface area and thus provide a superior heat transfer benefit [15]. In recent years, many studies along
these lines are also focusing on the use of geopolymer-based mortars that include PCMs [16]. Several
are methods to add a PCM in a building materials, as reported in the literature [15,17]. In this paper, the
idea was to integrate the developed PCMs through its inclusion into a mortar. This solution presents
several advantages: first, a mortar covers most of the surfaces of a building, so the action of the PCM is
extended over a large area. Furthermore, a mortar can be molded into any shape, and the quality analyses
can be carried out easily [18,19]. Of the possible ways to integrate a PCM into a mortar, the form-stable
method is the simplest and most feasible. Moreover, with form-stable method: i) it is possible to prepare
a composite material using very simple and inexpensive equipment; ii) it is possible to select the raw
materials according to the final properties to be obtained; iii) it is possible to exploit as a matrix a porous
material (for instance, a natural stone as in this study) derived from the waste of its processing, thus
lowering the cost of raw materials; and iv) it is possible to create a composite material that completely
replace the normal aggregates that are used in the mortar [20,21]. In the present study, a local stone, i.e.
Lecce stone, was selected as inert matrix for the PCMs. The preparation of these materials and their
characterization (chemical, physical, thermal and morphological) was deeply studied and reported
elsewhere [20-23]. Following these studies, it was possible to state that the PCM composite material is
appropriate for the intended purpose: thus, it can be used as an aggregate for mortars.

Two composite PCMs were developed, based on Poly-Ethylene Glycol 1000 (PEG1000) and Poly-
Ethylene Glycol 800 (PEG800). PEG polymer was selected as the active phase of the PCMs for its
thermal properties and also for its low toxic and low flammability nature [24]. In general, a PCM has
characteristic melting and crystallization temperatures which correspond to the temperatures at which it
undergoes the changes of state. Keeping in mind the objective of this work, the PEG1000 was selected
because it has melting/crystallization temperatures in a range corresponding to a warm climate, such as
the Mediterranean one [20]; while the PEG800 undergoes the change of state at lower temperatures, it
may be, therefore, more appropriate for colder climates, such as continental ones [22]. The two PEGs
were, then, included in flakes of waste Lecce stone, to produce form-stable PCMs. The latter were
incorporated as aggregate in different mortars to provide thermal energy storage capacity in buildings.

The investigation on the thermal characteristics of a PCM consisting of a mix of both PEGs (i.e.,
50%wt of LS/PEG1000 and 50%wt of LS/PEG800) highlighted the possibility to extend the range of
temperatures in which the resulting PCM would be efficient, allowing it to be used in different
geographical areas. In the present work, the preparation of different mortar compositions based on
different binders (i.e. aerial and hydraulic lime, gypsum, and cement) is described. The mortars can be
divided into 3 groups according to the type of PCM they contain: i) those including PEG1000; ii) those
that contain PEGB800; iii) finally, those that contain the mixed PCM. The main purpose was to study the
effect of the presence of the different PCMs on some physical properties of the mortar, such as
workability and compressive and flexural strength, as well as on their thermal properties.

2. Materials
2.1.Preparation of Lecce Stone/PEG composite PCMs

Two form-stable PCMs, incorporating PEG800 and PEG1000 as the polymeric active component
and Lecce Stone (LS) flakes as the supporting material, were developed using a vacuum impregnation
setup, as described in our previous work [20,22].

LS is a natural stone (composed mainly of CaCQ3) with a high open porosity, resulting in an excellent
matrix for the PCM. The stone pieces were obtained as waste material from a local quarry. The stone
flakes, that should have been disposed, were reused following the principles of Circular Economy. They
were ground and sieved achieving a proper granulometry (between 1.6 mm and 2.0 mm), as it can be
seen in Fig. la.

Poly-Ethylene Glycol is a low-cost, low toxic, low flammable polymer, available on the market in
different molecular weights which correspond to different melting and crystallization temperatures. The
PEGs selected in the study were PEG800 and PEG1000. The former, provided by Wuhan Fortuna
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Chemical Co. (Wuhan, China), has a melting temperature of 12.7 °C and a crystallization temperature
of 9.3 °C; the latter, produced by Sigma-Aldrich Company (Darmstadt, Germany), has a melting
temperature of 39.3 °C and a crystallization temperature of 19.4 °C. The reported characteristic
temperatures were considered appropriate for the aim of this research, i.e., develop mortars to apply in
buildings located in different geographical areas, i.e., the Mediterranean area with higher average
temperatures and the Continental area characterized by colder climate.

In a first stage of the work, PEG1000 was selected to produce the PCM: when it was observed that
its energy storage and release capacity was hardly activated at low temperatures, PEG800 was added in
the study to extend the use of the new PCMs at lower temperatures, i.e., in the colder season of the
Mediterranean climate and in a Continental climate. Two form-stable PCMs were, then, prepared by
including each PEG, at a temperature just above their respective melting points, in Lecce stone granules
of appropriate granulometry, obtaining LS/PEG800 and LS/PEG1000 PCMs, respectively. The result is
reported, respectively, in Fig. 1b and 1c.

LS|PEG 4000

b c
Figure 1. Materials used: a) Lecce Stone (LS); b) Lecce Stone impregnated with PEG800
(LS/PEG800); c) Lecce Stone impregnated with PEG1000 (LS/PEG1000).

Through the thermogravimetric analysis (TGA) carried out on PCM composites it was possible to
measure the amount of PEG absorbed by the LS substrate. This value was found to be approximately
around 23% for both and PEG1000 [20] and PEG800 [22]. The same analysis was useful to demonstrate
that both PCM composite materials have a thermal resistance and a thermal stability suitable for the
intended purpose, as reported in literature [25,26]. The procedure employed to analyze the leakage of
PEGs is reported in [22], following what was reported in other similar studies [27,28]. The results of
this test showed that no significant PEGs leakage occurred, even when the temperatures were higher
than the melting point of each PEG. This means that the inert LS support can absorb and retain the PEGs
contributing to their thermal stability.

2.2.Preparation of LS/PEG-incorporated into different mortar formulations

To evaluate the effect of the prepared LS/PEGs on the mechanical and thermal properties of the
mortars based on different binders, several mixtures were manufactured. The mortar compositions were
basically designed to be used as interior coatings.

Different binders were employed, i.e., aerial lime, hydraulic lime, gypsum, and cement. These
binders were supplied by different Portuguese companies: aerial lime (AL) with a density of 2450 kg/m?
was supplied by Lhoist (Alcanade, Portugal); a natural hydraulic lime (HL) with a density of 2700 kg/m®,
was supplied by Cimpor (Lisbon, Portugal); a conventional gypsum (G) with high fineness and density
of 2960 kg/m®, was provided by Sival (Souto da Carpalhosa, Leira, Portugal); finally, a CEM | 42.5 R
cement (C), with a density of 3030 kg/m?, was supplied by SECIL (Lisbon, Portugal).

A superplasticizer (SP), i.e., a polyacrylate (MasterGlenium SKY 627), supplied by BASF, with a
density of 1050 kg/m?®, was also used in some mortars to reduce the amount of water required for the
mixing, to increase the final mechanical properties. For the same reason, different amounts of binder
were used.
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The first formulations were made using 500 kg/m® of binder, and then gradually this amount was
increased up to 1000 kg/m®. To develop ecological mortars, the binder content was initially kept low.
However, the need to obtain mortars with good mechanical properties led to an increase in the binder as
well as in the superplasticizer contents. In Table 1 all the mortar mixes realized according to the
European Norm EN 998-1 [29] are reported.

Table 1. Mortar formulations (reported as kg/m?).

- Binder Water Water/
Mortar formulations Aggregates SP Saturation Water Binder

content
LS PEG800 PEG1000
content  content

Alsoo_LS 500 1500 0 0 0 378 289 0.60
ALsgo_LS/PEG1000 1500 0 345 0 0 395 0.80
Alsoo_LS 800 175 0 0 15 44 600 0.75
ALsoo_LS/PEG1000 220 0 51 15 0 600 0.75
ALiooo_LS 668 0 0 20 168 347 0.35
AL1ooo_LS/PEG800 1000 979 225 0 20 0 310 0.31
ALiooo_LS/PEG800_LS/PEG1000 979 113 113 20 0 310 0.31
HLsoo_LS 500 1480 0 0 15 370 300 0.60
HLsoo_LS/PEG1000 1678 0 386 15 0 350 0.70
HLsoo_LS 800 1092 0 0 15 275 320 0.40
HLsoo_LS/PEG1000 1729 0 398 15 0 375 0.47
HL1000_LS 682 0 0 20 171 380 0.38
HL1000_LS/PEG800 1000 1082 249 0 20 0 320 0.32
HL100o_LS/PEG800_LS/PEG1000 1082 124 124 20 0 320 0.32
Gsoo_LS 500 1454 0 0 15 366 325 0.65
Gsoo_LS/PEG1000 1645 0 378 15 0 375 0.75
Gsoo_LS 800 1169 0 0 15 294 329 0.40
Gsoo_LS/PEG1000 1472 0 339 15 0 340 0.43
Giooo_LS 763 0 0 20 192 385 0.39
Gaooo_LS/PEG800 1000 1129 260 0 20 0 336 0.34
Gaooo_LS/PEG800_LS/PEG1000 1129 130 130 20 0 340 0.34
Cso0_LS 500 1392 0 0 15 350 340 0.68
Csoo_LS/PEG1000 1790 0 412 15 0 350 0.70
Csoo_LS 800 1070 0 0 15 269 296 0.37
Csoo_LS/PEG1000 1347 0 310 15 0 360 0.45
Cio000_LS 772 0 0 20 194 390 0.39
Cio00_LS/PEG800 1000 1307 301 0 20 0 300 0.30
Cio00_LS/PEG800_LS/PEG1000 1307 150 150 20 0 300 0.30

A total of 28 mortar formulations were manufactured: 12 of them were reference mortars, i.e., they
did not contain any PCM; 8 of them included only LS/PEG1000 as PCM; 4 of them included only
LS/PEGB800 as PCM; finally, 4 of them contained a mixed PCM, composed by 50%wt of LS/PEG800
and 50%wt of LS/PEG1000 [30-32]. The label “water saturation” in Table 1 is referred to the amount
of water used to saturate the LS aggregates before the mixing. In fact, to avoid the absorption of water
inside LS aggregates, it is necessary to saturate them. This is not necessary when the aggregates
contained the PEGs, since they are already saturated by the polymer.

3. Methods

The workability of the different mortar formulations, listed in Table 1, was evaluated through the
flow table method, according to the European standard EN 1015-3 [33]. The workability test, or flow
table test, is a method used to determine the consistency of fresh mortar. Through this method, it is
therefore possible to assess the fluidity of the mortar when it is in its fresh state. (Fig. 2a).
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The mechanical characteristics of the prepared mortars, evaluated in flexural and compressive mode,
were determined according to the European standard EN 1015-11 [34] using a Lloyd dynamometer
instrument. For each mortar composition, 3 prismatic specimens (40x40x160 mm?) were prepared by
casting the fresh mortars in iron molds. After a first curing stage of 2 days, the specimens were demolded
and left for additional 26 days in a storing room at standard temperature (25 °C) and humidity level
(50%). The flexural tests were, then, performed at a speed of 6 um/s, while the compressive tests at a
speed of 12 um/s. (Fig. 2b)

The thermal properties were measured with a Differential Scanning Calorimeter (DSC, Star® System,
Mettler Toledo) instrument. (Fig. 2¢c) The thermal characteristics were evaluated on: i) each single pure
PEG (i.e., PEG800 and PEG1000); ii) the PEGs blend (i.e., 50%wt. of PEG800 and 50%wt. of
PEG1000); iii) the produced LS/PEG systems (i.e., LS/PEG800 and LS/PEG1000); iv) some selected
mortar formulations containing the PCM aggregates. To assess the thermal properties of the materials,
each sample was subjected to sequential thermal cycles, between -10 °C to 75 °C on heating, and from
75 °C to -10 °C on cooling. The heating and cooling rates used during the DSC analyses were 10 °C/min;
the tests were performed under nitrogen atmosphere (flow rate: 60 ml min™®). The amount of each
analyzed sample was between 10 and 20 mg; aluminum crucibles were used. Three samples were
analyzed for each material, and the results averaged.

F

c
Figure 2. Equipment used for the characterization of the mortar formulations: a) flow table test; b)
mechanical properties (compressive mode); ¢) Differential Scanning Calorimeter (DSC).

4. Results and discussion

The physical properties of the all the mortars reported in Table 1 were analyzed in both fresh and
solid states. The flow table test was first performed on the produced mortars, to evaluate their
workability and, consequentially, their application adequacy. In our work the workability values of
mortar formulations must be comprised in the range 160-180 mm. As it can be observed in Table 2, all
the produced mortars showed an adequate workability value, confirming the suitability of the selected
formulations. Table 2 also reports the values of flexural and compressive strengths recorded on each
mortar cured for 28 days, with the indication of the classification according to the standard EN 998-1
[29]. Each test was repeated at least 3 times on different mortar samples, and the results were averaged
and presented with the corresponding experimental error.

Table 2. Physical properties of the mortar compositions: workability and mechanical performance in
flexural and compressive mode.

Workability Flexural Compressive Classification
Sample (mm) Strength Strength EN 998-
(N/mm?) (N/mm?) 1:2010
Alsoo_LS 161 £ 2.0 05+01 05+0.0 nfa

ALso_LS/PEG1000 1704+ 3.0 02+01 02+01 n/a
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AlLsgoo LS 175+ 3.0 0.9+0.0 15+01 Csl
Algyo_LS/PEG1000 180 + 2.0 05+01 1.2+0.1 n/a
AL1ooo_LS 178 + 2.0 0.6 +0.2 154+0.2 Csli
AL 1000_LS/PEG800 160 + 3.0 03+01 0.4+0.0 n/a
AL 1000_LS/PEG800_LS/PEG1000 175+ 2.0 04+0.0 0.6+0.1 n/a
HLsoo_ LS 170 + 2.0 11403 28+ 0.8 Csll
HLsoo_LS/PEG1000 177 £ 3.0 01+0.1 04+0.1 Csli
HLgoo LS 165+ 2.0 28+ 05 17.0+0.2 CSiv
HLsgoo LS/PEG1000 175+ 2.0 04+0.1 15401 CSI - CSlI
HL1000_LS 175+ 1.0 52+15 11.74+ 05 csiv
HL1000_LS/PEG800 170 + 3.0 23104 35+0.2 CSII-CSII
HL1000_LS/PEG800_LS/PEG1000 163 + 2.0 21405 3.6 +0.5
Gsoo_LS 160+ 1.0 32402 48+0.2 csli
Gsoo_LS/PEG1000 180 + 3.0 05+0.1 04+4+0.2 CSlI
Gsoo_LS 160 + 1.0 414+0.2 164+ 0.6 Csiv
Gsgoo_LS/PEG1000 160 + 1.0 16+0.2 3.3+0.3 csli
Giooo_LS 170+ 4.0 93+13 22.3+0.2 Csiv
Giooo_LS/PEG800 165 + 3.0 1.7+0.0 43+ 1.7 csI-Csl
Giooo_LS/PEG800_LS/PEG1000 163+ 1.0 234100 6.2+ 0.5
Cso0_LS 160 + 1.0 58+ 0.3 205+ 04 Csiv
Csoo_LS/PEG1000 160 + 1.0 1.0+0.2 1.1+0.2 CSI
Csoo_LS 160 + 1.0 9.2+£09 26.3 £ 04 csiv
Csoo_LS/PEG1000 178 £ 3.0 19403 3.4+0.38 CSllI
C1o00_LS 180+ 0.5 118+11 65.6 £ 6.1 csiv
C1000_LS/PEG800 170+ 1.0 21+01 39+1.2 CSII-CSIII
Ci000_LS/PEG800_LS/PEG1000 170+ 4.0 20+0.2 44+07

It is well known that an adequate water amount for the mix design of a mortar is necessary to ensure
a good workability. However, if the amount of water exceeds a certain limit, a more porous mortar is
obtained, with poor mechanical properties. Therefore, superplasticizers (SP) are commonly used as they
improve the workability of the mortars even using limited amounts of water. As it can be seen from data
reported in Table 1, after the first two mortar compositions (i.e., ALsopo_LS and ALsq_ LS/PEG1000), a
fixed amount of SP (i.e., 15 kg/m®) was used. By adding the SP, a slight increase in mechanical
properties was in fact, noted: this observation suggested to use the SP in all the mortars. The amount of
SP was even increased (from 15 to 20 kg/m®) in the mortars containing 1000kg/m?® of binder with the
aim to further their mechanical properties.

According to the results reported in Table 2, the addition of the PEG-based PCM caused a reduction
of compressive and flexural strength values in all the mortar compositions. This trend is well known,
and reported in literature [35,36]. The mortars developed in the study, however, were designed as
coatings and, for such applications, lower mechanical strength values are sufficient. According to the
classification given in the standard [34], the minimum value that is necessary to achieve is 1.5 MPa.
Therefore, only the mortars containing an amount of binder between 800 and 1000 kg/m® were
considered appropriate for our purposes.

The DSC thermograms obtained from calorimetric analysis performed on the pure PEGs and on their
blend is shown in Figure 3.
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41 |Endo —— PEG800
—— PEG1000
31 —— BLEND:PEG800-PEG1000
—_ 21
=
E
g 1
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2 01 .
3 » Figure 3. DSC curves recorded
—1- on pure PEGs (PEGS800,
PEG1000) and on the blend
=27 composed by 50%wt of PEG800
-5 and 50%wt of PEG1000.
~10 0 10 20 30 40 50 60 70

Temperature (°C)

As previously reported [20], PEG1000 polymer exhibits an endothermic (melting) peak
approximately at 43 °C during the heating stage and an exothermic (crystallization) peak around 23 °C
when the temperature is reduced. Melting/crystallization enthalpy of about 129 J/g was calculated from
DSC measurements, in accordance with the results of different studies performed on the same material
[24].

PEG800 shows two endothermic peaks: one centered at around 18 °C and a smaller one at 25 °C.
Similarly, in the cooling stage two exothermic peaks were detected, one at about 13 °C and the other at
9 °C. Melting/crystallization enthalpy of about 150 J/g was calculated for PEG800.

The physical blend made by the two PEGs presents a wider temperature range due to the combination
of the two PEGs, with two endothermic peaks, one at 22 °C and the other at 33 °C, and an exothermic
peak at around 16 °C. The melting/crystallization enthalpy of the blend is about 155 J/g.

The DSC test confirmed that the thermal characteristics displayed by PEG1000 and PEG800 were
appropriate for developing form-stable PCMs to be used as TES material. The blend, on the other hand,
was not considered to produce a PCM due to the difficulty to include in the stone flakes polymeric
materials characterized by quite different melting point. Nevertheless, a mixed PCM was obtained upon
the addition in mortars of the same amount of LS/PEG800 and LS/PEG1000, obtaining a PCM indicated
as LS/PEG800_LS/PEG1000.

The thermal characteristics of the two single PCMs (i.e., LS/PEG800 and LS/PEG1000) were also
analyzed. Figure 4 reports the thermograms of the two PCMs and in Table 3 are summarized their
characteristic temperatures.

100 — LS/PEG800 LS/PEG1000
Endo / E3
s l — LS/PEGLO00 Tm(°C)” 127+14  393+07
AHm (Jlg)” 283+34  27.7+09

E 0501 Tc (°C)” 9.3+0.9 194+ 0.9
z 0.25 AH. (J/g)** 28.1+09 262+ 1.1
{E; 0.00 *Tm and Tc: melting and crystallization peak

temperatures, respectively.
** AHmand AH.: enthalpy measured during heating
=001 and cooling stages, respectively.
=0.75 4 . . . . : ;
-10 0 10 20 30 40 50 60
Temperature (°C)

Figure 4. DSC curves recorded on LS/PEG800 Table 3. LHTES properties measured with
and LS/PEG1000 form-stable PCMs. DSC on LS/PEG800 and LS/PEG1000.
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The results from DSC analysis confirmed that the selection of the different PEGs is appropriate even
when they are included in a LS matrix.

The investigation proceeded further with the aim of evaluate the LHTES of all the mortar
formulations containing the form-stable PCMs under investigation in order to assess if the two PEGs
were suitable, in terms of melting/crystallization temperature ranges, even when included in the mortars.

Figure 5a shows the DSC curves for the mortars containing LS/PEG1000 aggregates while Figure
5b reports the curves relative to the mortars containing LS/PEG800 aggregates; finally, in Figure 5c, the
thermograms relative to the mortars containing the mixed PCM, i.e., 50%wt of LS/PEG800 and 50%wt
of LS/PEG1000 aggregates, are illustrated.

0.64 |Endo —— ALgooLS/PEG1000 064 |Endo —— AL000LS/PEG800
' —— HLgooLS/PEG1000 ~— HL1000LS/PEG8B00
l ——— GgooLS/PEG1000 l =~ G1000LS/PEG800

. 0.4 —— CgooLS/PEG1000 . 0.4 —— C1000LS/PEG800

S 027 > — S 027 \

C = S —

‘® 0.0 ® 0.0

2 2
-0.2 -0.2
—-0.4 a -0.4 b . . y r T v T T

10 0 10 20 30 40 50 60 70 -0 0 10 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
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In each graph, the peaks related to the melting of the polymeric component of any PCM in the heating
stage and its crystallization in the cooling stage are always present; the peak temperatures for both
melting and crystallization processes clearly depend on the specific PCM, and in turn on the specific
PEG, added in each mortar. In Figure 3a, the characteristic melting/crystallization temperatures of the
mortars resume those of the PEG contained in them, i.e., PEG1000. In fact, the characteristic
temperatures in the melting phase range from a minimum of 2 °C to a maximum of 40 °C, with peaks
settling around 30 °C. The thermal window in the cooling phase ranges from about 20 °C to 0 °C, with
peaks around 12 °C. These temperatures are considered appropriate for warm climates, typical of the
Mediterranean area. In Figure 3b, DSC curves of mortars containing the composite LS/PEG800 are
presented. In this case, the characteristic temperatures recorded in the heating stage range from a
minimum of -2 °C to a maximum of 25 °C with peaks around 16-17 °C. The characteristic temperatures
recorded in the cooling stage range from a minimum of -6 °C to a maximum of 19 °C with peaks around
13 °C. Inthis case, it is evident that the phase change temperatures were shifted to lower values. This
validates the idea that the use of PEG 800 is effective in colder geographic areas, i.e. those typical of
continental climates. Finally, Figure 3c reports the DSC curves of mortars containing both a 50/50 mix
of LS/PEG800 and LS/PEG1000: it is clear that in both melting and cooling phases the DSC curve are
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wider than those relative to the mortars containing a single PEG. This is due to the thermal contribution
of both PCMs. Consequently, the characteristic temperatures of these mortars are extended and the
thermal window within which they are thermally active is wider. This mixed PCM could be, therefore,
suitable for buildings located in different geographical areas or where a large temperature excursion is
expected.

The characteristic temperatures and the thermal properties analyzed are summarized in Table 4. The
test was repeated 3 times for each different mortar samples; the results were averaged, and they are
presented with the corresponding experimental error. Through the thermal assessment was demonstrated
that the latent heats of these mortars were sufficient to influence the internal temperature of an
environment.

Table 4. Initial (T;), peak, final temperatures (Tr) and enthalpy measured through DSC during heating
(melting) and cooling (crystallization) stages on mortars based on different binders and containing
different form-stable PCMs.

H Sample Ti (°C) PeaKmeit (°C) Tt (°C) AHmert (J/g)
E Alsoy_ LS/PEG1000 28+09 279+ 0.5 345+ 21 76+ 13
A HLsgoo LS/PEG1000 22410 26.0+ 0.8 418+ 1.1 79+0.9
T Gsoo_LS/PEG1000 27+05 289+ 10 359+ 0.7 78+1.2
I Csoo_LS/PEG1000 34+0.1 30.0 + 0.3 36.3+ 0.1 7.7+0.2
N AL1000_LS/PEG800 33+19 150+ 1.0 241+12 118404
G HL1000_LS/PEG800 -23+£038 140+ 038 21.2+05 91409
s Giooo_LS/PEG800 25+11 16.4 £ 0.8 246+20 78106
T Ci000_LS/PEG800 -2.0+£ 0.8 17.3+£0.2 258+18 95405
A AL LS/PEG800_LS/PEG1000 4.3+0.9 3231+0.8 452+ 0.5 9.7+21
G HLi1000_LS/PEG800_LS/PEG1000 6.9+ 3.1 324126 38.4+0.8 91+12
E Guiooo_LS/PEG800_LS/PEG1000 3.2+ 0.9 308+ 1.6 389+27 81+04
Ci000_LS/PEG800_LS/PEG1000 3.5+ 1.8 33.5+£0.2 423+04 9.7+£09
C T, (°C)  Peakers(°C) _ Tr(°C) _ Aoy (JI0)
O AL_LSgoo/PEG1000 195+21 146+£11 02+13 88+12
O HL_LSgoo/PEG1000 189+ 0.8 135+£0.2 16+ 04 6.0+ 0.7
L G_LSgoo/PEG1000 169+1.0 108 £ 0.7 06+0.9 75112
I C_LSgoo/PEG1000 16.7+£0.2 108 £ 0.3 -1.1+£0.2 8.7+£04
N AL1000_LS/PEG800 177+ 15 131+11 -64+09 125410
G HL1000_LS/PEG800 146+ 14 124 +£3.0 -33+£06 103+12
s G1oo0_LS/PEG800 158+ 1.9 115+ 03 -1.5+0.9 92+11
T Ci000_LS/PEG800 19.1+06 130+£13 -04+02 105410
A AL 1000 LS/PEG800_LS/PEG1000 29.0+ 0.9 186 £ 1.6 -06+12 108+14
G HL1000_LS/PEG800_LS/PEG1000 25.1+ 0.7 152+ 05 -14+£22 9.2+35
E Guiooo_LS/PEG800_LS/PEG1000 25.7+1.9 175+ 23 -1.8+3.1 921138
Ci000_LS/PEG800_LS/PEG1000 25.9+ 0.5 195+24 03+£0.2 11.3+34

Experiments are currently underway to evaluate the storage/release properties of some of the mortars
presented so far. In fact, an experimental setup has been set up to understand the thermal behavior of
mortars containing LS/PEG800 and LS/PEG1000 when subjected to a controlled temperature program.

5. Conclusions

In this work, the main results of the workability test, mechanical and thermal analyses conducted on
different mortar formulations containing three form-stable PCMs are presented. The PCMs were
realized by impregnating (very porous) Lecce Stone granules with Polyethylene Glycol polymers
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possessing different molecular weights, i.e., PEG 800 and PEG 1000. The obtained PCMs, LS/PEGS800,
LS/PEG1000 were included as aggregates in aerial lime, hydraulic lime, gypsum, and cement mortar
mixtures. A mix of the two PCMs (LS/PEG800_LS/PEG1000 50/50 %wt) was added to the mortars
based on the same binders. The workability of the fresh mortar mixes and the mechanical and thermal
properties of the cured mortars were evaluated as a function of the PCM added, to establish the suitability
of the mortars containing a PEG-based PCM. Although the addition in mortars of the PEG-based PCMs
led to modifications in their characteristics, in both fresh and solid states, with a proper selection of the
composition it was possible to obtain mixtures possessing suitable workability and mortars displaying
adequate mechanical properties. Referring to the LHTES properties, the selection of a PEG
characterized by higher melting/crystallization temperatures (i.e., PEG1000) allows to obtain mortars
with phase change temperatures suitable for Mediterranean climates; on the other hand, the selection of
a PEG characterized by lower melting/crystallization temperatures (i.e., PEG800) allows to obtain
mortars with phase change temperatures suitable for continental climates. Furthermore, the mortars
containing the mixed PCM showed a wider interval of melting/crystallization temperatures, suggesting
that this mortar could be suitable in both warm and cold climates.

6. References

[1] GlobalABC and IEA and UNEP 2020 GlobalABC Roadmap for Buildings and Construction
2020-2050.

[2] Charriau P and Desbrosses N Global Energy Trends, 2017 edition Is energy transition on the
right path ? 31

[3] Chinnasamy V, Palaniappan S K, Raj M K A, Rajendran M and Cho H 2021 Thermal Energy
Storage and Its Applications Materials for Solar Energy Conversion: Materials, Methods and
Applications 353-77

[4] Cabeza L F, Castell A, Barreneche C de, De Gracia A and Fernandez A 2011 Materials used as
PCM in thermal energy storage in buildings: A review Renewable and Sustainable Energy Reviews 15
1675-95

[5] Ben Romdhane S, Amamou A, Ben Khalifa R, Said N M, Younsi Z and Jemni A 2020 A review
on thermal energy storage using phase change materials in passive building applications Journal of
Building Engineering 32 101563

[6] Memon S A 2014 Phase change materials integrated in building walls: A state of the art review
Renewable and Sustainable Energy Reviews 31 870-906

[7] Maleki B, Khadang A, Maddah H, Alizadeh M, Kazemian A and Ali H M 2020 Development
and thermal performance of nanoencapsulated PCM/ plaster wallboard for thermal energy storage in
buildings Journal of Building Engineering 32 101727

[8] Lu S, Xu B and Tang X 2020 Experimental study on double pipe PCM floor heating system
under different operation strategies Renewable Energy 145 1280-91

[9] Larwa B, Cesari S and Bottarelli M 2021 Study on thermal performance of a PCM enhanced
hydronic radiant floor heating system Energy 225 120245

[10] Weinlader H, Klinker F and Yasin M 2017 PCM cooling ceilings in the Energy Efficiency
Center — Regeneration behaviour of two different system designs Energy and Buildings 156 70-7

[11] Hamidi Y, Aketouane Z, Malha M, Bruneau D, Bah A and Goiffon R 2021 Integrating PCM
into hollow brick walls: Toward energy conservation in Mediterranean regions Energy and Buildings
248 111214

[12] Mahdaoui M, Hamdaoui S, Ait Msaad A, Kousksou T, El Rhafiki T, Jamil A and Ahachad M
2021 Building bricks with phase change material (PCM): Thermal performances Construction and
Building Materials 269 121315

[13] Li D, Wu Y, Liu C, Zhang G and Arict M 2018 Energy investigation of glazed windows
containing Nano-PCM in different seasons Energy Conversion and Management 172 119-28

[14] Zhang S, Hu W, Li D, Zhang C, Aric1 M, Yildiz C, Zhang X and Ma Y 2021 Energy efficiency
optimization of PCM and aerogel-filled multiple glazing windows Energy 222 119916

10



ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012009  doi:10.1088/1742-6596/2385/1/012009

[15] Rao V V, Parameshwaran R and Ram V V 2018 PCM-mortar based construction materials for
energy efficient buildings: A review on research trends Energy and Buildings 158 95-122

[16] Muraleedharan M and Nadir Y 2021 Geopolymer mortar integrated with phase change
materials for improvement of thermal efficiency in buildings: A review Materials Today: Proceedings
44 878-85

[17]  Ashley Bland, Martin Khzouz, Thomas Statheros, and Evangelos Gkanas 2017 PCMs for
Residential Building Applications: A Short Review Focused on Disadvantages and Proposals for Future
Development Buildings 7 78

[18] Frigione M, Lettieri M and Sarcinella A 2019 Phase Change Materials for Energy Efficiency
in Buildings and Their Use in Mortars Materials 12 1260

[19] Akeiber H, Nejat P, Majid M Z Abd, Wahid M A, Jomehzadeh F, Zeynali Famileh I, Calautit
J K, Hughes B R and Zaki S A 2016 A review on phase change material (PCM) for sustainable passive
cooling in building envelopes Renewable and Sustainable Energy Reviews 60 1470-97

[20] Frigione M, Lettieri M, Sarcinella A and Barroso de Aguiar J 2020 Sustainable polymer-based
Phase Change Materials for energy efficiency in buildings and their application in aerial lime mortars
Construction and Building Materials 231 117149

[21] Frigione M, Lettieri M, Sarcinella A and Barroso de Aguiar J L 2019 Applications of
Sustainable Polymer-Based Phase Change Materials in Mortars Composed by Different Binders
Materials 12 3502

[22]  Sarcinella A, Aguiar J L B de and Frigione M 2022 Physical Properties of an Eco-Sustainable,
Form-Stable Phase Change Material Included in Aerial-Lime-Based Mortar Intended for Different
Climates Materials 15 1192

[23] Sarcinella A, de Aguiar J L B and Frigione M 2022 Physical Properties of Eco-Sustainable
Form-Stable Phase Change Materials Included in Mortars Suitable for Buildings Located in Different
Continental Regions Materials 15 2497

[24] Sundararajan S, Samui A B and Kulkarni P S 2017 Versatility of polyethylene glycol (PEG) in
designing solid-solid phase change materials (PCMs) for thermal management and their application to
innovative technologies J. Mater. Chem. A 5 18379-96

[25] Yang Y, Pang Y, Liu Y and Guo H 2018 Preparation and thermal properties of polyethylene
glycol/expanded graphite as novel form-stable phase change material for indoor energy saving Materials
Letters 216 220-3

[26] Zhang D, Chen M, Liu Q, Wan J and Hu J 2018 Preparation and Thermal Properties of
Molecular-Bridged Expanded Graphite/Polyethylene Glycol Composite Phase Change Materials for
Building Energy Conservation Materials 11 818

[27] Zhang J, Li H, TuJ, Shi R, Luo Z, Xiong C and Jiang M 2018 Shape Stability of Polyethylene
Glycol/Acetylene Black Phase Change Composites for Latent Heat Storage Advances in Materials
Science and Engineering 2018 1-9

[28] Sar1 A, Hekimoglu G, Tyagi V V and Sharma R K 2020 Evaluation of pumice for development
of low-cost and energy-efficient composite phase change materials and lab-scale thermoregulation
performances of its cementitious plasters Energy 207 118242

[29] Anon European Committee for Standardization (CEN). EN 998-1: Specification for Mortar for
Masonry—Part 1: Rendering and Plastering Mortar; CEN: Brussels, Belgium, 2010.

[30] Cunha S, Aguiar J, Ferreira V and Tadeu A 2015 Mortars based in different binders with
incorporation of phase-change materials: Physical and mechanical properties null 19 1216-33

[31] Lecompte T, Le Bideau P, Glouannec P, Nortershauser D and Le Masson S 2015 Mechanical
and thermo-physical behaviour of concretes and mortars containing phase change material Energy and
Buildings 94 52-60

[32] Cunha S, Leite P and Aguiar J 2020 Characterization of innovative mortars with direct
incorporation of phase change materials Journal of Energy Storage 30 101439

[33] Anon European Committee for Standardization (CEN). EN 1015-3: Methods of Test for Mortar
for Masonry—Part 3: Determination of Consistence of Fresh Mortar (by Flow Table); CEN: Brussels,

11



ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012009  doi:10.1088/1742-6596/2385/1/012009

Belgium, 2004.

[34]  Anon European Committee for Standardization (CEN). EN 1015-11: Methods of Test for
Mortar for Masonry—Part 11: Determination of Flexural and Compressive Strength of Hardened
Mortar; CEN: Brussels, Belgium, 1999.

[35] Cunha S, Aguiar I and Aguiar J B 2022 Phase change materials composite boards and mortars:
Mixture design, physical, mechanical and thermal behavior Journal of Energy Storage 53 105135

[36] Hekimoglu G, Nas M, Ouikhalfan M, Sar1 A, Tyagi V V, Sharma R K, Kurbetci § and Saleh T
A 2021 Silica fume/capric acid-stearic acid PCM included-cementitious composite for thermal
controlling of buildings: Thermal energy storage and mechanical properties Energy 219 119588

12



