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This study investigates the mechanical and thermophysical performance of cement mortars incorporating
microencapsulated phase change materials (mPCMs), which consist of an aqueous dispersion of 100% bio-based
fine core-shell particles. A specific protocol was used to manufacture the mortar samples, which ensures a ho-
mogeneous particle distribution and prevents microcapsule leakage. The addition of mPCMs to the mortar causes
both a decrease in density, an increase in porosity, and a substantial loss of mechanical strength. Conversely, hot-
disk characterization revealed a large improvement in the thermal performance. The system containing 8 wt%
mPCMs exhibits a good balance between its mechanical and thermal properties.

1. Introduction

In 2020, the building and construction sector was responsible for
~36 % of the global energy consumption and ~37 % of CO, emissions,
according the International Energy Agency (IEA) [1,2]. The energy de-
mand from buildings has continued to increase over the last few years,
mainly driven by the easy access to energy services in developing
countries and the growing use of energy-consuming devices for tem-
perature regulation in cold/hot regions. Therefore, improving the en-
ergy efficiency of buildings is crucial in the current context of global
climate change.

Energy consumption in the building industry includes both the
“embodied energy” consumed during the manufacturing process/
transport of building materials and the construction or demolition
phase, as well as the “operational energy” related to the building’s op-
erations and use (air conditioning, heating and lighting, domestic
equipment, etc.) [3]. Although the impact of embodied-energy con-
sumption has recently received increasing attention from architects and
engineers, most technical developments still focus on reducing end-user
consumption. To date, various solutions have been deployed in the field
based on passive or active energy management methods, such as the use
of insulation panels, lighting management systems, and automatic
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control systems used for air conditioning/heating installations [4-7].
Recently, researchers have also developed thermal energy storage
(TES) systems, which are considered to be a very promising approach
[8-12]. These systems store a certain quantity of energy that can then be
released at a later stage to meet a specific need. Several TES technologies
are readily available based on chemical heat storage (by forming/
breaking chemical bonds), sensible heat storage (by heating/cooling a
material), and latent heat storage (by melting/solidifying a material).
According to the literature, latent heat thermal energy storage
(LHTES) based on the use of phase change materials (PCMs) has been
considered the most attractive approach in the context of building ap-
plications because it allows the storage of large amounts of energy
[11,13-15]. The operating principle of PCMs relies on their ability to
change their physical state over a narrow temperature range; when the
temperature increases above the melting temperature, the PCMs pass
from their solid to liquid state, absorb thermal energy from the envi-
ronment, and store this energy in the form of latent heat. When the
temperature decreases, the material can undergo a reversible transition
from the liquid to solid state and release the stored energy. This capa-
bility of PCMs to absorb or release energy can be advantageously used to
mitigate temperature variations in the indoor environment of buildings
with the aim of improving the thermal comfort of the occupants and
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reducing energy consumption [12,13].

Regardless of whether they are organic (most often derived from
hydrocarbons), inorganic (salt hydrates or metallic compounds), or
based on eutectic mixtures, PCMs can be easily incorporated into con-
ventional construction materials (such as plaster, concrete, and mortar)
to produce construction components with enhanced thermal storage
properties, such as wallboards, floors, and roofs [13-15]. In practice,
different methods can be used to introduce PCMs into building mate-
rials, including their direct incorporation and the use of macro- or
microencapsulated PCMs. Microencapsulation has gained a lot of
research interest over the last decade and consists of packing the PCM
material into spherical core-shell capsules with diameters ranging from
<1 pm to ~500 pm [14]. The outer shell is usually composed of a high-
molecular-weight polymer, which acts as a barrier to prevent leakage of
the PCM core and its interactions with the components present in the
host building material.

Microencapsulated PCMs (mPCMs) can be produced in the form of
either a dry powder or liquid dispersion. However, powders are
conventionally used for building applications; they are generally intro-
duced into cement-based materials at the end of the mixing process
using a low rotational speed to prevent any possible damage to the PCM
capsules [16]. Conversely, the use of liquid mPCM dispersions is poorly
documented in the literature and to the best of our knowledge, very few
studies have explored this approach [13,17]. Snoeck et al. reported the
difficulties in incorporating these liquid products into cement mortars
using the same mixing protocol utilized for powders due to their
viscous/sticky texture [17]. Consequently, the distribution of PCM
capsules in the hardened mortar is very heterogeneous. Therefore,
alternative fabrication methods should be developed to improve the
microstructure of these materials.

Another interesting feature is the recent availability of bio-based
mPCMs [18,19]. These eco-friendly systems are composed of fatty es-
ters or natural waxes derived from renewable vegetal resources. They
present several advantages over their petroleum-based counterparts,
such as a reduced carbon footprint, good biodegradability, and low
flammability. However, their incorporation into building materials has
not been explored to date.

Several studies have investigated the possibility of enhancing the
thermal performance of cement composites (i.e., mortar or concrete)
upon introducing mPCM powders based on petroleum-based paraffin
waxes. For example, Lecompte et al. evaluated the thermal conductivity
of cement mortars and concretes with various mPCM contents using the
guarded hot-plate method [20]. Measurements were conducted at
temperatures below and above the melting range (20.5 and 30.5 °C,
respectively), at which paraffin is in the solid and liquid state, respec-
tively. Under both conditions, the authors observed a decrease in the
thermal conductivity as a function of the mPCM, which was well fitted
with the Maxwell model, assuming the random distribution of the
spherical mPCM particles in a homogeneous medium. Furthermore, at a
given mPCM content, the thermal conductivities of the mortar/concrete
samples were significantly higher at 30.5 °C (liquid state) when
compared to those observed at 20.5 °C (solid state). Similarly, Jayalath
et al. determined the thermal conductivity and thermal resistivity of
concrete samples containing various amounts of mPCMs using two
experimental techniques (needle probe and C-therm methods). Mea-
surements were conducted at 35 °C, at which the paraffin component of
the mPCMs was in its liquid state. Both the thermal conductivity and
diffusivity of concrete were found to decrease with the mPCM content
(for example, a 45 % reduction in the thermal conductivity was observed
upon the introduction of 5 wt% mPCMs). This trend was attributed to (i)
the low conductivity of the organic mPCMs and (ii) the amount of air
entrapped in the concrete during the incorporation of the mPCM pow-
der, which increases the overall porosity and hence affects the thermal
properties (heat transfer by conduction is partially replaced by natural
convection). Cao et al. observed the same decrease in the thermal con-
ductivity and an increase in the latent heat (both determined using the

guarded hot plate method) when introducing mPCMs to Portland
cement concrete [21]. According to the authors, these effects observed
on the material scale are also beneficial in terms of energy saving in
buildings because the power consumption for stabilizing the indoor
temperature at 23 °C may be reduced by up to 11 % after adding only
3.2 wt% mPCMs to the concrete envelope. Similarly, Hunger et al.
highlighted a reduction in the thermal conductivity and an increase in
the thermal mass of self-compacting concrete upon the incorporation of
mPCM powder [22]. They also reported that the energy needed to
maintain the indoor temperature at 23.5 °C was reduced by 12 % in the
case of a concrete wall containing 5 wt% mPCMs when compared to a
plain concrete wall. In summary, most studies suggest a significant
improvement in the thermal performance of cement composites will be
achieved upon the addition of mPCMs.

Nevertheless, the introduction of foreign particles alters the micro-
structure of concrete, and its mechanical properties will be affected.
Numerous studies have highlighted a significant decrease in the me-
chanical strength is observed following the addition of mPCMs to con-
crete. For instance, Fenollera et al observed a reduction in the
compressive strength of ~7 % for every 5 wt% of mPCMs added (with
respect to the quantity of cement in the mixture) [13]. Similarly, Djamai
et al. and Lecompte et al. reported decreases in the compressive strength
of 34.1 and 50 % for mortar containing 5 and 6.3 wt% mPCMs,
respectively (with respect to the total mass of the mix in this case)
[20,23]. According to most authors, the observed loss in the mechanical
strength can be attributed to several reasons: (i) PCM microcapsules
exhibit very low mechanical strength and act as voids or defects in
concrete; (ii) the overall porosity of the cement composite increases with
the mPCM content, as previously mentioned, which impacts both the
density and mechanical properties of the material; (iii) some of the PCM
capsules may be damaged during the mixing process and the leaked
paraffin wax may hinder or interact with the hydration process of the
cement matrix [24].

In this context, an optimal mPCM content should be determined to
achieve a compromise between the enhancement in the thermophysical
properties and loss of mechanical strength, depending on the target
application of the concrete or mortar material.

The main objective of the present study was to investigate the ther-
mophysical and mechanical properties of cement mortars formulated
using different amounts of a bio-based liquid mPCM dispersion (denoted
PCM mortars), as previous knowledge on this specific type of material is
very limited. The effects of the mPCM content on the microstructure of
PCM mortars were also investigated to better understand the evolution
trends observed in the macroscopic properties.

In the first part of this study, the experimental methods and mortar
design are presented in detail and a specific protocol is developed to add
the liquid mPCM dispersion into the fresh mortar mix, which allows
control over the overall content of PCM microcapsules and a constant
workability of the PCM mortars to be maintained. The second part of the
study is dedicated to our experimental results. After a preliminary
characterization of the liquid mPCM dispersion in terms of its particle
size distribution and thermal properties of the microcapsules, a
comprehensive test program was conducted on mortar samples con-
taining different dosages of the PCM microcapsules, up to 13.6 wt%
(equivalent to ~24.3 vol%) with respect to the total composition.
Microstructural investigations were conducted on these mortars using
scanning electron microscopy and thermogravimetric analysis to eval-
uate the effect of adding mPCM on the porous structure and hydrate
composition. The mechanical and thermophysical properties of the PCM
mortars were then assessed, and their evolution as a function of the

Table 1

Composition of the reference cement mortar (MO0) based on reference [28].
Component Sand OPC CSA Sp Water
Dosage (g) 800 627.75 47.25 1.76 236.25




mPCM dosage were analyzed in light of the microstructural aspects
mentioned beforehand.

2. Materials and methods

2.1. Raw materials

A commercial product known as CrodaTherm™ ME29D, which is
manufactured by Croda International (Snaith, UK), was selected as the
PCM in this study and was denoted as ME29D. This product was pre-
pared in the form of a liquid dispersion of the microencapsulated par-
ticles in water with a solid content of 50 wt%. The dispersed particles
consist of an organic PCM core derived from plant-based feedstocks
surrounded by an acrylic polymer shell. The mass ratio between the PCM
core and polymer shell was ~92/8 [25]. The ME29D technical datasheet
reports melting and crystallization peak temperatures of 28.8 and
23.5 °C, respectively, as well as heats of melting and crystallization of
183 and — 179 kJ kg~ !, respectively (determined using differential
scanning calorimetry (DSC) at a scanning rate of 1 °C min~ l)[26]. This
liquid mPCM dispersion presents several interesting features in the
framework of this study. It can be easily incorporated into hydraulic
binder formulations (i.e., cement mortars) at an early stage of the mixing
process. In addition, ME29D is certified 100 % bio-based and formal-
dehyde free, which ensures both a reduced environmental footprint and
low safety/health hazards.

An existing formulation from the literature [27,28] was selected as
the reference cement mortar sample used in this study, which was
initially developed for additive manufacturing applications. This choice
was mainly guided by another aspect of our research, which explores the
3D printability of mortars containing PCM additives (this has not been
addressed in the present paper). The original composition of this refer-
ence mortar, denoted MO, is detailed in Table 1 and based on a water-to-
cement (W/C) ratio of 0.35.

In this formulation, two types of cement were combined at a ratio of
93/7 wt%: Ordinary Portland Cement containing 99 % clinker
(EXTREMAT® CEM I 52,5N-SR3 SEG), denoted OPC, and a rapid setting
Sulfo-aluminous cement (Alpenat R?) denoted CSA, which are both
manufactured by VICAT company (L’Isle-d’Abeau, France). The small
amount of CSA included in the mix affects the rheology of the fresh
mortar at an early age and acts as a setting accelerator, which promotes
the buildability of the mortar in 3D printing applications [26,27].

To ensure the good workability of the mortar, a polyvalent acrylic
copolymer superplasticizer/high water reducer (VISCOCRETE TEMPO
11) obtained from SIKA Company (Baar, Switzerland), denoted as SP,
was alsoused. The SP product has a solid content of 30 % according to its
technical datasheet. Siliceous sand complying with the EN 196-1 stan-
dard [29] (graded sand with a maximum grain size of 2 mm and mois-
ture content <0.2 %) was supplied by Société Nouvelle du Littoral
(Leucate, France).

2.2. Mix design and preparation of the PCM mortar samples
Different specimens were fabricated for our experimental study,

Table 2
Compositions of the various PCM mortar admixtures.

including samples of the reference cement mortar (MO) and mortars
containing various contents of the mPCM particles. The compositions of
all of the mortars studied are summarized in Table 2. The amounts of
mineral components (sand, OPC, and CSA) and SP were kept unchanged
in the various mixes, and the only components varied were the quanti-
ties of mPCM particles and water added. Because only full bags of
standard sand were used for the preparation of the mortar mixes, the
quantities of all of the other components were given per bag of sand
(mass = 1350 g). In addition, the composition of the reference mortar
(MO) was strictly identical to that of the original mortar reported in
Table 1, but the quantities were expressed for one bag of sand.

Each mortar composition was identified using the designation Mx,
where x corresponds to the target dosage of solid mPCM particles
originating from the liquid dispersion and incorporated into the mortar
mix, expressed as the weight percentage of the MO reference sample (i.
e., the mass of solid mPCM particles divided by the total mass of all MO
components x 100). The target solid mPCM dosage was varied in the
range of 0-20 wt%. The actual weight fraction of the mPCM particles in
the fresh mortar mix (i.e., the ratio between the mass of the solid mPCM
particles and the total mass of all components expressed in wt.%) is also
displayed in Table 2, as well as the volume fraction of the mPCM par-
ticles calculated considering the densities of the various component
materials in the fresh mix (a density of 870 kg m~® was assumed for the
solid mPCM particles, in accordance with the manufacturer’s data).
Notably, the highest volume fraction of mPCMs considered in this work
was ~25 % (for the M20 mortar mix), which is rather high when
compared with most PCM mortars studied in the literature.

The total amount of water in the mix corresponds to the quantity of
water originating from the liquid ME29D dispersion and the additional
amount of water added during the mixing process. The latter was
adjusted so that the workability of the mortar mix (spread diameter
provided by the slump test) remains the same as that of the MO reference
mortar The procedure for adjusting the amount of water mixed is
described in detail below. The resulting W/C ratios are also reported in
Table 2, as well as the percentage evolution compared with the MO
reference sample (the value in brackets in the W/C column). This per-
centage evolution of the W/C ratio can also be defined as the water
demand of the mPCMs used in the mortar formulations, as proposed by
Sanfelix et al. [30].

Water demand compared to the MO reference mortar (in %)

_((W/C)y,
— ((W/C)Mo 1) x 100 (@]

where (W/C),,, is the water-to-cement ratio of the MO reference mortar
and (W/C),, is the water-to-cement ratio of the PCM mortar of
composition Mx.

Notably, the quantity of water originating from SP was not taken into
account in the total amount of water reported in Table 2 because this
quantity is limited and the SP content was not varied in this study (the
mass ratio between SP and cement was kept constant at 0.26 % for all of
the mortar formulations studied, i.e. the same ratio as that used in the
MO reference mortar [27,28]).

Designation ~ Sand OPC () CSA SP Mass of solid mPCM Total amount of W/C ratio Mass fraction of mPCM Volume fraction of
(g) (€3] (€3] particles (g) water (g) particles (wt.%) mPCM particles
(vol.%)
MO 1350 1059.33 79.73 2.96 - 398.67 0.35 0 0
M5 1350 1059.33  79.73 2.96 144.53 537.88 0.47 (+34 %)  4.55 10.53
Mi10 1350 1059.33  79.73 2.96 289.07 851.36 0.75 7.96 16.16
(+114 %)
Mi15 1350 1059.33 79.73 2.96 433.06 1006.23 0.88 11.03 20.94
(+151 %)
M20 1350 1059.33  79.73 2.96 578.14 1190.72 1.05 13.57 24.35

(4200 %)
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Fig. 1. Optimization of the water dosage using mini-slump tests: (a) Experimental setup and (b) evolution curves of the spread diameter as function of the W/C ratio

obtained for the various PCM mortar admixtures studied.

To provide the reader with a comprehensive set of data, the densities
of the various component materials and theoretical compositions of the
mortars expressed in kg m ™2 for the fresh mix are also provided in the
Appendix.

In practice, a programmable mortar mixer (model E092N from
Matest Spa Company, Treviolo, Italy), is used to prepare the different
mortar samples. The mixing protocol strictly followed the specifications
of the EN 196-1 standard for conventional mortars in terms of the
rotational speed and duration of the mixing sequence.

In the case of the MO reference mortar, the different steps used in the
mixing procedure were as follows: (1) A mixture of the two cements
(OPC and CSA in the proportion of 97/3 wt%) was placed in the mixer
tank. Water containing the SP was then added to the cement, and the
zero time was counted from the moment the water came into contact
with the cement. (2) Mixing was started at a low speed and sand was
added slowly during the first minute while mixing at low speed (140
rotations per minute). The mortar was then mixed at a high speed (285
rpm) for 30 s. (3) The rotation was stopped for 30 s to scrape the mortar
from the bottom of the tank. (4) Another high-speed mixing was per-
formed for 2.5 min.

The same protocol was used for the PCM mortars with the only dif-
ference being that the ME29D liquid dispersion was added together with
the mixing water in the first step. In this case, the amount of liquid
dispersion to be added was directly determined by the target content of
solid mPCM particles in the mortar, whereas the complementary amount
of mixing water was adjusted so that the workability of the fresh PCM
mortar mix remained the same as that of the MO reference mortar.

In practice, different water dosages are considered for each PCM
mortar composition studied, and slump tests were performed using an
Abrams mini cone to determine the resulting spread diameter (Fig. 1a).
The evolution curves of the spread diameter as a function of the
apparent W/C ratio (where W corresponds to the total amount of water,
including both water originating from the ME29D dispersion and mixing
water) were then plotted for the various PCM mortar compositions, as
shown in Fig. 1b. These curves allow the optimum W/C ratios (and
hence deduce the adequate amount of mixing water) required to achieve
the same spread as that of the MO reference mortar (i.e., 268 mm, rep-
resented by the horizontal red line in Fig. 1b) to be graphically deter-
mined. The optimal W/C ratios are listed in Table 2.

In general, the water demand in the mix increased significantly with
the mPCM content. This result is consistent with the literature and may
be attributed to the absorption of water by the hydrophilic acrylic shell
of the mPCM particles [5,10] and possibly the alteration of the granular
distribution in the PCM mortar admixtures.

Immediately after mixing, the various mortar admixtures were cast
into metallic molds to prepare parallelepiped samples with dimensions
of 4 x 4 x 16 cm® for mechanical characterization, as well as 4 x 4 x 8
em® samples for thermal and microstructural characterization. The
molds were filled into two layers, and each layer was subjected to 52
blows (for ~1 min) using a shock table. After casting, the samples were
covered and stored for 24 h at 20 £ 1 °C. After 24 h, the samples were
demolded, hermetically wrapped with plastic film, and finally condi-
tioned at 20 + 1 °C until characterization at 28 d.

2.3. Characterization techniques

2.3.1. Laser diffraction analysis

The size distribution of the mPCM particles in the ME29D dispersion
was determined using wet-laser diffraction. Tests were performed using
a MASTERSIZER 3000E analyzer (Malvern Panalytical, Malvern, UK)
equipped with a liquid dispersion unit operated at a rotation rate of 800
rpm. The liquid mPCM dispersion was first diluted in water to reduce the
particle concentration and facilitate light diffusion induced by the
penetration of the laser beam into the medium. Generally, this method
enables the particle size distribution to be determined in the range of
0.1-1000 pm.

2.3.2. Differential scanning calorimetry (DSC)

The thermal properties of the mPCM particles were determined using
DSC on a DSC 250 apparatus (TA Instruments, New Castle, DE, USA).
Solid samples of the aggregated mPCM particles were initially prepared
by drying a volume of liquid ME29D dispersion in an oven at 60 °C for at
least 48 h until a compact solid material was obtained (denoted as solid
mPCM material). Small amounts (15 mg) of this material were used for
characterization.

DSC analyses were conducted in temperature modulation mode
(MDSC) according to the protocol detailed in the ASTM E2716-09
standard [31]. This method enables one to measure the specific heat
capacity (Cp) of the sample with good accuracy (up to +2 %), which is
generally better when compared to conventional DSC [32]. During the
same experiment, the characteristics of the melting and crystallization
peaks of the solid mPCM material during the heating and cooling phases
were also evaluated.

In practice, a preliminary Cp calibration of the calorimeter is ach-
ieved over a temperature ranging from —20 to 60 °C using a sapphire
standard. A low scanning rate of 0.5 °C/min was used for this calibration
and the subsequent analyses to ensure thermal equilibrium conditions
were obtained within each sample [33], and the temperature
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Fig. 2. Experimental protocol used to determine the water accessible porosity and apparent density based on the NF P 18-459 standard: (a) 2 x 2 x 4 cm® mortar
samples, (b) conditioning under vacuum, (c) imbibition with water, (d) hydrostatic weighing, and (e) drying in an oven at 105 °C.

modulation was set at +1 °C with a period of 120 s, as advised by the
manufacturer’s instructions provided with the DSC apparatus [34].
Each sample of solid mPCM material was then subjected to 2 suc-
cessive heating/cooling cycles in the temperature range from -20 to
60 °C under the same scanning conditions as those used for the cali-
bration. The characteristics of the melting peak (onset, melting point,
and latent heat) were assessed from the heat flow thermogram recorded
during the second heating step, whereas the characteristics of the crys-
tallization peak were determined during the second cooling step.
Further, the Cp values of the mPCM particles in the solid and liquid
states were determined during the second heating step and were taken as
the reversing heat capacity values measured at 10 and 50 °C, respec-
tively (these two temperatures are located below and above the melting
transition of the phase change material). Four samples were analyzed to
calculate the mean value and standard deviation of these properties.

2.3.3. Water accessible porosity and apparent density of hardened PCM
mortars

Both the water-accessible porosity and apparent density of the PCM
mortars were determined in accordance with the NF P18-459 standard
[35]. The experimental protocol was comprised different steps, as
summarized in Fig. 2. Specimens with dimensions of 4 x 4 x 8 cm® were
first cut into smaller samples (2 x 2 x 4 cm3), placed in a desiccator
under vacuum for 4 h, and then imbibed in water for 72 h until satu-
rated. At this stage, the water-saturated samples were weighed in air and
water using a hydrostatic balance system. The same specimens were
then conditioned in an oven at 105 °C and their mass loss was monitored
every day until it was stabilized, which made it possible to determine
their dry mass. Finally, the water-accessible porosity (¢ in %) and
apparent density (p; in kg m-%) were calculated using the following

expressions:
Msair - Mdry
= — 1 2
¢ (%) Msair 7Mswater X100 ( )
M
Pa = “ X Prwater (€]

Msair - Mswater

where Msgr and Msyq.- are the mass of the water-saturated sample
measured in air and water (g), respectively; Mgy, is the mass of the dry
sample (g); and p,,, is the density of water (kg m~3).

For each mortar composition, the mean values and standard de-
viations were determined from three samples.

2.3.4. Microstructural observations using scanning electron microscopy
(SEM)

SEM characterization was performed using a QUANTA 400 micro-
scope (FEI Company, Hillsboro, OR, USA) operated at an electron
voltage of 20 kV under low vacuum. Qualitative observations were
conducted on the ME29D dispersion after the evaporation of water to
visualize the size of the mPCM particles. The fractured surfaces of the
samples of the different PCM mortars aged for 28 d were also observed.
To obtain the fractured surfaces, mortar samples with dimensions of 4 x
4 x 8 cm® were broken into small pieces using a hammer. The surfaces
did not undergo any metallization or specific treatment prior to the SEM
observations.

SEM images were collected in both secondary electron (SE) and
backscattered electron (BSE) mode, the former providing information on
the topography of the analyzed surface and the latter providing a
contrast based on the chemical composition.
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Fig. 3. Mechanical characterization of the PCM mortars: (a) 3-point bending test, (b) fractured mortar samples after the bending test, and (c) compression test on the

half specimens.
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Fig. 4. Schematic representation of the hot disk setup used to measure the thermophysical properties of the solid mPCM samples and PCM mortars under controlled

temperature and RH conditions.

2.3.5. Thermogravimetric analysis (TGA)

TGA was also performed on samples of the solid mPCM material
(obtained by the evaporation of water from the liquid ME29D disper-
sion) and on the fine powders of the various PCM mortars (obtained by
grinding a small amount of the mortar samples and sieving the resulting
powder below 315 pm). The mass loss was monitored while applying a
temperature ramp to the samples to identify the degradation point of the
organic/mineral components and hence, collect information on the
structure and composition of the analyzed materials. Simultaneous
thermal differential analysis (STDA) was also performed on the same
sample to facilitate the detection of decomposition phenomena specific
to the organic components, which can be identified as exothermic peaks
in the STDA curves.

The experiments were performed using an STA 409 apparatus
(NETZSCH Company, Selb, Germany). The protocol involved increasing
the temperature from 25 to 1250 °C at a heating rate of 10 °C min~* an
under an air environment (80 mL min ). Three tests were conducted for
each sample.

2.3.6. Mechanical characterization of the hardened PCM mortars

The mechanical properties of the hardened PCM mortars were
assessed after 28 d, according to the EN 196-1 standard [29] using a
Pilot Pro press from Controls S.p.a. (Milano, Italy) with a load capacity
of 300 kN.

In the first step, 3-point bending tests were performed on the samples
with dimensions of 4 x 4 x 16 cm® (six specimens per mortar sample) to

determine the flexural strength, as shown in Fig. 3a. After breakage, the
12 half specimens were retrieved and subjected to compression tests to
evaluate their compressive strength (Fig. 3b and c).

2.3.7. Characterization of the thermophysical properties

The thermophysical properties of the solid mPCM material (solid
disks with diameters of 68 mm and thickness of ~5 mm obtained by
drying fixed volumes of the ME29D dispersion in aluminum cups), and
the various PCM mortars (with dimensions of 4 x 4 x 8 cm3) were
determined using the hot disk (HD) method. A TPS 2500 S device from
the Hot Disk Company (Gothenburg, Sweden) comprising a sensor
connected to a thermal constant analyzer was used. The sensor was a
“Kapton insulated” model (ref 5501) from Hot Disk® and had a radius of
6.4 mm.

The HD technique relies on the theory of a transient plane source, as
specified by the ISO 22007-2 standard [36]. It uses a sensor element in
the shape of a double spiral, which is placed between two samples of the
same material (solid mPCM or mortar specimens) and can be considered
infinite in all directions with respect to the sensor. The latter acts as both
as a heat source to increase the temperature of the sample and as a
“resistance thermometer’’ to record the time-dependent increase in
temperature. Such a device (Fig. 4) enables the simultaneous rapid,
accurate, and nondestructive evaluation of the thermal conductivity (din
Wm™' K1), thermal diffusivity (a in m? s, and volumetric heat ca-
pacity of the sample (p.C, in J m K.

The thermophysical properties of porous building materials can be
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Fig. 6. SEM images obtained at different magnifications of the microencapsulated PCM particles contained in the ME29D dispersion (after the evaporation of water).

dependent on several factors, such as the temperature and moisture 3. Results and discussion

content of the sample. Therefore, it is important to perform the mea-

surements in a controlled environment. In our case, the samples were 3.1. Preliminary characterization of the mPCM dispersion

preliminary conditioned for at least one week at 20 °C and 50 % RH in a

climate chamber to reach an equilibrium state prior to characterization. A preliminary characterization of the ME29D dispersion was per-

Subsequently, the entire experimental setup (sensor placed between the formed to assess the particle size distribution and thermal properties of

two samples) was placed in the climate chamber to control both the the microencapsulated PCM particles. This first set of experiments was

temperature and RH conditions during the measurements (Fig. 4). considered necessary because most studies in the literature focus on the
Furthermore, the mPCMs have a melting point of ~29 °C and incorporation of dry mPCM powder systems in cement mortars, whereas

consequently, the thermophysical properties of PCM mortars may be the characteristics of liquid mPCM dispersions are much less

affected by phase change phenomenon over a large range of temperature documented.

around this transition point. Therefore, HD measurements were per-

formed over a large temperature range from 10 to 50 °C. Further, a 3.1.1. Particle size distribution

constant 50 % RH was used in the climate chamber to prevent any  Fig. 5 shows the particle size distribution of mPCM in the ME29D

variation in the moisture content of the samples during the dispersion, as determined by wet laser diffraction analysis. The distri-

measurements. bution curve according to volume (Fig. 5a) shows that the dispersion
Finally, for a given experimental configuration (i.e., a given type of was mainly composed of fine particles with sizes <10 pm (the maximum

material and fixed temperature and RH conditions), the manufacturer of volume percentage was observed for a particle size of ~7 pm). However,

the HD instrument recommends determining the thermal properties (4, one can also observe a small amount of larger-sized particles with di-

a, and, p.C,) of the analyzed sample from a single measurement and ameters of up to 100 pm.

specified that the accuracy and reproducibility of this measurement are The cumulative distribution curve (Fig. 5b) shows that the median

better than 5 and 1 %, respectively (as evaluated from a series of particle size (D50) is 6.7 um, and 90 % of the particles have diameters of

repeated tests on standard materials) [37]. In the present study, single <16.4 pm (D90). These features demonstrate that the ME29D dispersion

measurements were performed in the case of the solid mPCM sample and was mainly composed of fine mPCM particles. This may influence the

a maximum level of uncertainty of 5 % was considered in accordance incorporation of mPCMs into cement mortar because it may affect the

with the manufacturer’s specifications. The experimental values of the microstructure of the system.

PCM mortars were averaged over three repeated measurements, and the Fig. 6 shows the SEM images of the ME29D dispersion after evapo-

uncertainties were based on the calculated standard deviations. Overall, ration of the water content. These observations confirm the previous

it was found that they were below the uncertainty level of 5 % claimed results regarding the particle size distribution and show that the mPCM

by the manufacturer. particles exhibit a spherical shape. In addition, some agglomerated
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evaporation of water from the ME29D dispersion).

Table 3

Characteristics of the melting and crystallization peaks of the mPCM particles, as

determined by DSC at a rate of 0.5 °C min~".

Properties Mean Standard
value deviation
Characteristics of the melting  Latent heat 172.5 2.7
peak of melting (J/g)
Onset (°C) 26.0 0.2
Peak maximum 27.8 0.2
(9]
Characteristics of the Latent heat 169.1 2.4
crystallization peak of crystallization
J/8)
Onset (°C) 25.3 0.1
Peak maximum 21.8 0.2
[§9)

particles were detected, which were probably formed via coalescence
during the evaporation of water from the analyzed sample.

3.1.2. DSC characterization of the mPCM particles

The solid mPCM material was analyzed using DSC (see protocol in
Section 2.3.2). Fig. 7 presents the typical heat flow thermograms
collected during the heating/cooling steps, which display the melting
and crystallization peaks of the mPCM particles. The characteristics of
these peaks (averaged over four repeated tests) are listed in Table 3.

The melting and crystallization points were observed at ~28 and
~22 °C, respectively, and the latent heats of melting/crystallization
were ~172 and 169 J g~!. These values were consistent with the man-
ufacturer’s data [26]. Further, one can notice that the overall temper-
ature range covered by both the melting and crystallization
transformations of the PCM compound was rather large (between 12 and
31 °C). This confirms that the thermal properties of the mPCM particles
vary significantly in this domain and justified the fact that HD mea-
surements on PCM mortars should be conducted over a large

temperature range.

Fig. 8 shows the typical reversing heat capacity as a function of
temperature for the mPCM particles obtained at a heating rate of 0.5 °C
min~!. From this thermogram, the specific heat capacities (Cp) of the
mPCMs in the solid and liquid phases could be determined. The latter
were identified at temperatures of 10 and 50 °C, respectively (these
temperatures were arbitrarily chosen below and above the temperature
range covered by both the crystallization/melting peaks). The average
values obtained upon four repeated tests wereCp, s = 1.63 £ 0.13 J
g ! °C7!in the solid phase at 10 °C and C, j; = 2.05 £ 0.15Jg ' °C!
in the liquid phase at 50 °C. These values are very similar to those re-
ported in the literature for pure paraffin waxes, such as nonadecane
[38].

Complementary TGA was conducted to evaluate the degradation
behavior of the mPCM particles at high temperature (see protocol in
section 2.3.5). Fig. 9 shows the evolution of the sample mass versus
temperature, as well as the DTG and SDTA curves. Different events were
detected in these curves.

e The first weight loss (and hence the first degradation) began at
~210 °C, which was consistent the flash point reported in the
datasheet of the CrodaTherm ME29 product.

e The weight loss in the range of 210-260 °C (also characterized by
shoulder 1 in both the DTG and SDTA curves) may be attributed to
the decomposition of the acrylic shell of the mPCM particles.

e The most important weight loss was observed in the range of
260-400 °C, which was related to the decomposition of the bio-based
PCM core of the particles. This degradation was also reflected by the
large exothermic peak observed in the SDTA curve. Furthermore,
two separate peaks were visible in the DTG curve in this temperature
range (peak 2 at 312 °C and peak 3 at 360 °C), suggesting that the
core PCM material is a two-component mixture.

e Finally, a slight weight loss was observed between 410 and 520 °C
(associated with peak 4 in both the DTG and SDTA curves), which
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ME29D dispersion).

may be attributed to the degradation of the additives used in the
microencapsulation process, such as the surfactant used to stabilize
the oil/water emulsion [15] and highly cross-linked phase in the
polymer shell [39].

3.1.3. Thermophysical properties of the microencapsulated PCMs

The thermophysical properties of the solid mPCM material were
determined using the HD technique (see Section 2.3.7.) at 50 % RH and
over a temperature range from 5 to 50 °C to cover the entire phase

change domain.

Fig. 10 shows the evolution of the thermal conductivity (1) and
thermal diffusivity (@) as a function of temperature. The error bars
correspond to an uncertainty of 5 % in the experimental data, as stated
by the manufacturer of the HD instrument.

For both properties, the experimental values initially appear to lin-
early decrease when the temperature was increased from 5 to 15 °C, at
which the PCM core was in its solid state. A sharp decrease was then
observed in the temperature range between 15 and 30 °C, at which the
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solid-liquid transition of the PCM core occurred. Notably, the system
was not at equilibrium in this temperature range; hence, the experi-
mental values provide a general trend but should be considered with
caution. Finally, both the thermal conductivity and diffusivity were
almost constant in the liquid phase at temperatures between 30 and
50 °C.

These overall trends are similar to those observed in the literature for
pure paraffin wax [38,40]. The thermal conductivities measured in the
solid state (0.25-0.35 W m K1) and liquid state (~0.19 W m KD
were also consistent with the typical data reported for paraffin wax. The
sharp decrease in the thermal conductivity and diffusivity observed near
the melting temperature can be attributed to the change in the density of
the PCM core, which is a typical first-order phase transition [41].

Fig. 11 shows the evolution of the volumetric heat capacity (p.C,) as
a function of temperature for the mPCM particles. A peak was observed
in the temperature range of 15-30 °C, relating to the melting transition
of the PCM core. Furthermore, p.C, appears to stabilize in the liquid state
(above 35 °C), which was ~ 40 % higher than those obtained in the solid
state (at 10 °C).

Finally, the specific heat capacity (C,) of the material in the solid/
liquid state can be estimated by considering that the density of the
mPCM particles was 870 kg m ™, as reported by the manufacturer. The
values were determined to be 1.43 and 2.02 J g~ °C™! at 10 and 50 °C,

respectively, which were of the same order of magnitude as the C,_sy
and C,_j, values previously measured using DSC.

3.2. Experimental investigations on PCM mortars

This section is dedicated to our experimental investigations on PCM
mortars. A characterization study was first conducted to assess the effect
of the mPCM content on the microstructure of the hardened mortars (i.
e., the distribution of the mPCM particles in the volume of the speci-
mens, the integrity of the mPCM particles, and induced porosity). The
mechanical properties of the PCM mortars were then determined and
analyzed in light of the previous microstructural aspects. In the last
stage, the thermal properties of the various mortars were collected using
the HD technique with the aim of identifying a PCM mortar composition
suitable for building applications that combines both enhanced ener-
getic performance and a limited drop in its mechanical properties.

3.2.1. Microstructural characterization

3.2.1.1. SEM observations. Fig. 12 presents the SEM images collected in
backscattered electron mode (BSE), which display the microstructure of
the different PCM mortar samples. The images obtained at three
different magnifications (x600, x1200, and x5000) are provided for
each type of material.

For the MO reference mortar (Fig. 12a to a”), one can observe a
compact microstructure with a limited apparent porosity. Due to the
chemical contrast offered by the BSE images, a few light gray inclusions
were detected, which correspond to anhydrous cement grains. This
suggests that the hydration reaction was still incomplete after curing for
28 d.

The microstructures of the mortars becomes much more porous upon
the addition of the mPCM particles, which was consistent with many
studies reported in the literature [20,42]. With increasing PCM content,
the SEM images reveal a growing density of small cavities uniformly
distributed in the material. Most of these cavities are filled with indi-
vidual mPCM particles (appearing in black due to the chemical contrast
in the BSE images), whereas some other cavities only contain occluded
air. This increased porosity results from both the excess water added to
control the workability of the fresh mortar mixes and the air entrapped
during the incorporation of the mPCM particles.

At higher magnification (i.e., Fig. 12¢” and e”), it was also observed
that the mPCM particles in the mortar samples still exhibit a regular
spherical shape, suggesting that they were not significantly damaged
during the mixing/sample casting process and that the integrity of the
acrylic shell was preserved.

These observations confirm that the protocol adopted for the fabri-
cation of the mortar specimens, in which the liquid mPCM dispersion
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Fig. 13. Typical TGA curves collected at a heating rate of 10 °C min~" for the
various PCM mortars studied.

was added at an early stage in the mixing process, enables the formation
of mortar microstructures with uniformly distributed and globally intact
mPCM particles. This is a significant improvement over the mixing
protocol used by Snoeck et al. [17], in which the liquid PCM dispersion
was introduced at a later stage and resulted in a very heterogeneous
microstructure. It is also worth noting that liquid dispersions of mPCM
particles with thicker acrylic shells are currently under development (for
instance, by Croda Company), which should further increase the resis-
tance of the microcapsules against mechanical deterioration during the
mixing phase.

3.2.1.2. Thermogravimetric analysis (TGA). TGA was also conducted on
the hardened PCM mortar samples after 28 d, according to the protocol
detailed in Section 2.3.5.

Fig. 13 shows the typical evolution of the sample mass after heating
at 10 °C min~?!, while Fig. 14 displays the DTG curves. These curves
reveal several degradation phases that are dependent on the mortar
composition.

Regarding the MO reference mortar, three distinct phases were
detected, which are characteristic of the products formed by the hy-
dration reactions between the OPC/CSA cements and water [15,17,20]:

12

e The first weight loss step was observed in the temperature range of
30 to 130 °C (associated with peak A in the DTG curve). This was
attributed to the evaporation of capillary free water and the loss of
water bound to the ettringite hydrates.

o The weight loss between 130 and 400 °C was attributed to the loss of
water bound to the hydrated calcium silicates (CSH). In particular,
shoulder B observed in the DTG curve between 160 and 240 °C was
related to the dehydration of calcium monocarboaluminate (AFm).

e The mass loss in the range of 400-540 °C and peak C observed in the
DTG curve correspond to the dehydroxylation of the calcium hy-
droxide phase (portlandite Ca(OH)5).

o Finally, the weight loss between 600 and 800 °C (and peak D in the
DTG curve) results from the decarbonation of calcium carbonate.

In regard the PCM mortars, the following remarks can be made:

e The TGA curves show that the total weight loss at 900 °C was
significantly higher than that of the MO reference mortar and that
this gap increases with the mPCM content. The higher mass loss can
be attributed to the degradation of mPCM particles and the excess
water added during sample fabrication used to maintain the level of
the workability (see section 2.2), which remains bound to the cement
hydrates.

e The DTG curves of the PCM mortars show the same degradation
peaks previously observed for the MO reference mortar, and hence,
the same cement hydrates were present (ettringite, AFm, portlandite,
calcium carbonate). Notably, that the amplitude of peak D was much
higher than that observed for the MO sample, suggesting the presence
of a higher amount of calcium carbonate. This effect may result from
the higher porosity (as evidenced by SEM), which makes the PCM
mortars more vulnerable to carbonation [24].

e The DTG curves indicate the presence of two new peaks that were not

detected in the MO reference mortar (peak 1 at 210 °C and peak 2 at

360 °C, Fig. 14). A comparison with the DTG curve obtained for the

mPCM particles (dotted line) shows that these peaks correspond to

the decomposition of the acrylic shell and PCM core of the micro-

capsules, respectively, as previously discussed in Section 3.1.2.

The situation is more complex in the temperature range of

400-550 °C, where the PCM mortars exhibit higher weight losses

when compared to the MO reference sample (Fig. 13). The shape and

amplitude of the DTG peak C were also significantly altered in the
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PCM mortars (Fig. 14), indicating that this peak incorporates both
the dehydroxylation of portlandite and the decomposition of an
organic component in the mPCM particles (most likely the surfactant
or a cross-linked component of the shell, as discussed in Section
3.1.2). In addition, several authors have suggested that mPCM par-
ticles interfere with the hydration process of PCM mortars, which
may explain the TGA/DTG results observed in this temperature
range. Aguayo et al. reported that small mPCM particles (micron
size) act as nucleation sites for the formation of portlandite and
become surrounded by a hydrate layer [39]. Sharma et al. reported
that the higher mass loss of PCM mortars in the range 400-550 °C
may also result from a physical cross-linking process between the
paraffin wax that leaked from some damaged microcapsules and
portlandite [43], but the breakage/leakage of the mPCM particles
was not confirmed by SEM in the present work. Further analysis of
the percentage of the hydration products was not possible because of

Fig. 14. Typical DTG curves (first derivative signals) obtained for the various PCM mortars. The DTG curve obtained for the mPCM particles is superimposed for
comparison (dotted curve, labelled ME29D).
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Fig. 15. Mean values of the (a) apparent density and (b) water accessible porosity of the various PCM mortar compositions according to the NF P18-459 standard.

the overlap of the portlandite hydroxylation and mPCM decompo-
sition processes on the TGA curves. Complementary investigations
may be conducted using X-ray diffraction (XRD) to obtain more in-
formation regarding the quantification of cement hydrates, but this is
beyond the scope of the present paper.

3.2.1.3. Apparent density and water accessible porosity. Fig. 15a and 15b
provide the mean values of the apparent density and water accessible
porosity obtained for the various PCM mortars according to the NF P18-
459 standard (see the protocol in section 2.3.3). These experimental
data were also plotted as a function of the effective volume content of
the mPCMs, as shown in Fig. 16.

The apparent density of the mortars decreases as the volume content
of the mPCMs increases. This evolution shows a linear trend for mPCM
contents in the range of 0-20 vol%, whereas a sharper drop in the
density was observed at higher dosages.
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In addition, a substantial increase in the water-accessible porosity of
the mortars was observed with the mPCM content, especially at dosages
> 10 vol%. This result was consistent with the increase in porosity
previously confirmed using SEM (Section 3.2.1.1) and was in agreement
with the density evolution. This was also consistent with the hydrate
composition of the mortars determined using TGA; higher quantities of
calcium carbonate were detected at high mPCM dosages, which may be
related to the increased porosity of the PCM mortars that favors the
carbonation process.

Similar results have been reported in the literature. For instance,
Fenollera et al. reported a decrease in the density of mortar of ~ 1.1 %
for every 5 wt% of PCM added [13]. Cunha et al. found that the incor-
poration of 20 % PCM (by mass of cement) results in a ~ 16 % decrease
in the mortar density [44]. Such an evolution of density can be assigned
to multiple factors [21,22]:

e mPCM particles have a lower density than other mineral components
in the mortar. As some of these constituents are replaced, the overall
density of the mortar decreases.

e The introduction of mPCMs also alters the granular distribution of
the mortar and hence, modifies the packing density.

e The porosity of the PCM mortars increases with the mPCM content,
which also contributes to the decrease in density. This increased
porosity results from the air entrapped during the incorporation of
the mPCM particles and the excess water added to control the
workability of the fresh mortar mix.

3.2.1.4. Mechanical properties. Fig. 17 provides the mean values of the
flexural and compressive strengths obtained for the various PCM mor-
tars after 28 d based on a series of 6 and 12 repeated tests, respectively
(see experimental protocol in Section 2.3.6). The error bars derived from
the standard deviations are also displayed. Fig. 18 shows the
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experimental data plotted as a function of the volume content of the
mPCM particles in the mortar samples.

The MO reference mortar exhibits high-strength characteristics when
compared to conventional cement mortars used in construction. This
may be attributed to both the low W/C ratio in this reference mix (0.35)
and the characteristics of the sand used in the mix (standard sand with
controlled granular distribution and very low moisture content).
Notably, the same order of compressive strength was obtained by Khalil
et al. for MO mortar [27,28].

Overall, the experimental data highlight significant decreases in both
the flexural and compressive strengths of the mortar samples upon the
addition of the mPCMs (Fig. 18). Furthermore, the compressive strength
was the most affected among the two properties; the addition of 10.5 vol
% mPCMs in the mortar (corresponding to ~4.5 wt%) induces a strength
reduction of 64 % from 72 to 26.3 MPa.

Although the use of a liquid mPCM dispersion has made it possible to
obtain PCM mortars with a homogeneous microstructure (fine mPCM
particles uniformly distributed within the cement matrix), a deteriora-
tion in the mechanical properties was still observed when compared to
the neat mortar. This trend was similar to that reported in the literature
for PCM composites prepared using mPCM powders [20-23,45,46].
Indeed, Berardi et al. analyzed the results of numerous studies in their

review and concluded that the average decrease in the compressive
strength of PCM-concrete specimens containing >3 wt% mPCMs was
generally >40 % higher than the original value [47]. However, several
authors [20,22] have reported mortars with mPCMs contents up to 5 wt
% that retain a compressive strength suitable for structural applications.

In the present work, the observed degradation in the mechanical
performance of PCM mortars can be explained by several factors, which
is in agreement with the conclusions of other authors [20,21,23]: i)
mPCM particles exhibit very poor mechanical properties and behave like
voids, hence decreasing the mechanical strength of the PCM mortar
when compared to neat mortar; ii) the porosity of the mortars increases
with the mPCM content due to the excess water added to control the
workability and the air entrapped during the mixing process, as shown
in the previous sections; iii) the weakness of the bonds between the
mPCM particles and the cementitious matrix may also contribute to the
loss of strength. Conversely, SEM observations did not reveal any evi-
dence of the breakage of mPCM particles in the PCM mortars and the
effect of the leaked PCM on the cement hydration process must be
excluded in the present case.

In addition, it is interesting to note that the minimum compressive
strength required for structural concrete is 17.2 MPa [47]. Fig. 18 shows
that mPCM contents up to ~16 vol% (equivalent to ~8 wt%) may be
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Fig. 21. Evolution of the (a) volumetric heat capacity and (b) specific heat capacity as a function of temperature for the various PCM mortars.

acceptable for structural applications and hence, M0, M5, and M10 are
eligible (see details of the mortar compositions in Table 2). In contrast,
for higher mPCM contents, the compressive strength of the PCM mortars
does not reach the minimum value, and the material should be consid-
ered for filling or coating purposes only (M15 and M20).

A possible way to improve the mechanical strength of PCM mortars
prepared with liquid mPCM dispersions is to reduce the excess water
added during the mixing process. Therefore, the total amount of water
may be adjusted to maintain the workability of the mortar mixture
(slump) above a minimum level (to be defined), instead of maintaining
the workability constant at the level of the reference mortar. This
alternative method may provide lower porosity and enhance the me-
chanical performance of the PCM mortars after 28 d.

3.2.1.5. Thermophysical properties of PCM mortars. The thermophysical
properties of the PCM mortars were determined using the hot-disk

method according to the protocol detailed in Section 2.3.7. Measure-
ments were performed under a controlled environment at 50 % RH and
various temperatures in the range of 10-45 °C to cover the entire
domain of the phase transition. In the present study, the experimental
values were averaged over three repeated measurements.

Fig. 19a and b present the evolution of the thermal conductivity (1)
and thermal diffusivity (a) for the different PCM mortars as a function of
temperature, respectively. The errors bars are also displayed on the
graphs based on the standard deviations.

Several studies have shown that the thermophysical properties of
regular cement mortars are highly dependent on the density of the
material, and to a lower extent, on the moisture content in the samples
[48-50]. These studies report typical variation ranges of 1.5-2.7 W m!
K~! for the thermal conductivity, 0.89-1.26 mm? s! for the thermal
diffusivity, and 0.87-1.04 KJ Kg_1 K ! for the specific heat of the OPC
mortars [48]. In addition, Shafigh et al. reported A and a values of 2.4 W



m~! K! and 1.03 mm? s}, respectively for mortar with a density of
2200 Kg m ™2 [48]. These findings are in accordance with those obtained
in the present work for the reference mortar sample (MO0), which has a
density in the same order of 2300 Kg m™~3; the 2 and a values measured at
20 °C were 2.32 Wm ™~ K~! and 1.05 mm? s~?, respectively.

Furthermore, the thermal properties of the MO reference mortar
shows little variation in the temperature range of 10 to 45 °C when
considering the experimental uncertainties (see Fig. 19), which was also
consistent with the literature data [51].

Fig. 19 also shows the substantial decrease in both the thermal
conductivity and thermal diffusivity observed upon the introduction of
the mPCM particles in the mortar: the curves were roughly shifted
downward. When examining the graphs in more detail, it was found that
at a given mPCM dosage, both properties slightly decrease in the melting
temperature range of the mPCMs (between 20 and 30 °C), and the values
in the liquid state (>30 °C) were lower than those in the solid state,
especially the thermal diffusivity. This trend was consistent with the
variations previously observed for the pure mPCM particles (Fig. 10). All
these results confirm that the mPCMs significantly modify the thermal
properties of the PCM mortars when compared to the MO reference
material.

Specifically, Fig. 20 shows the evolution of the thermal conductivity
of the PCM mortars as a function of the volume content of the mPCM
particles. The data obtained at 10 and at 45 °C are plotted in the graphs
(at these temperatures, the PCM core was in its solid and liquid states,
respectively).

Interestingly, the Avalues decrease almost linearly with the mPCM
content (the regression lines enclosed in the graph show that the R?
coefficients were > 0.95). Such a linear relationship has also been noted
by some other authors for PCM mortars prepared with mPCM powders
[20,21,45]. In addition, the experimental data measured in the liquid
state at 45 °C were slightly lower than those in the solid state, although
the difference was very limited. This point remains controversial in the
literature because some authors have reported slightly higher thermal
conductivities for PCM mortars in the solid state [21], whereas others
observed higher values in the liquid state [20,52].

From a quantitative point of view, Fig. 20 shows that the addition of
10.5 vol% mPCMs in the mortar (equivalent to 4.5 wt%) leads to a ~ 29
% decrease in the thermal conductivity (from 2.46 to 1.75 W m K.
This was consistent with the previous studies conducted by Dehdezi et al
[46], Hunger et al. [22], and Jayalath et al. [45], which report reductions
in thermal conductivity of ~ 36, ~38, and ~ 45 % upon the addition of
5 wt% mPCMs into the cement composites when compared to the
reference specimens. Furthermore, in the present work the PCM mortar
with the highest particle content, i.e., M20, including 24.3 vol% of
mPCMs (equivalent to 13.6 wt%), shows a very significant decrease in
the thermal conductivity (~77 %) with respect to the neat mortar.
Hence, mortars with high mPCM contents may be very suitable for
insulation applications.

The decreasing trend in the thermal conductivity/diffusivity of
mortars with the mPCM content can be mainly attriubted to i) the low
conductivity of mPCMs when compared to that of the replaced mineral
components and ii) the increased porosity caused by the volume of air
entrapped during the incorporation of the mPCM particles
[13,21,22,45,46].

Finally, the evolution of the volumetric heat capacity (p.Cp) of the
various PCM mortars as a function of temperature was plotted, as shown
in Fig. 21a, and the evolution of the specific heat capacity (C,) is shown
in Fig. 21b (the C, values were calculated by dividing the volumetric
heat capacities by the apparent densities of the PCM mortars previously
determined in Section 3.2.1.3).

Overall, the volumetric heat capacity of the mortar samples tends to
decrease upon the addition of the mPCMs as the curves shift downward

(except for mortar M5). This can be mainly attributed to the decreasing
density of the mortars upon increasing the mPCM dosage [22]. In
addition, the p.C, value seems to be slightly higher in the liquid state
than in the solid state for a given mortar formulation, which was in
agreement with the behavior observed for the pure mPCM particles
presented in Section 3.1.2.

The decrease in the p.Cj, values of the PCM mortars compared to the
reference material does not support the conclusions of other authors
who reported significant improvements in the thermal mass of mortars
upon the addition of mPCMs based on DSC measurements [20,22,45].
According to these authors, such an improvement was mainly effective
in the temperature range of the phase change transition, where the peak
of the thermal mass was observed for the PCM mortars. This effect was
not observed in this study, as shown in Fig. 21. However, the p.C, values
provided by the HD technique in the melting temperature range should
be considered with caution because the system is not in a steady-state
and the HD apparatus was pushed to its limits. Therefore, no clear
conclusions can be drawn from the present measurements.

4. Conclusions

In this study, the mechanical and thermophysical properties of
cement mortars with different dosages of mPCMs are investigated. The
major innovations of this work rely on the use of a liquid dispersion of
fine mPCM particles instead of the usual dry powders of agglomerated
mPCM particles, and the fact that this product is 100 % bio-based, which
makes it suitable for the development of TES systems with a reduced
environmental footprint.

In the first part of this study, a specific protocol was proposed for the
fabrication of mortar samples with a high mPCM content. The liquid
mPCM dispersion was incorporated at an early stage of the mixing
process, and the total amount of water was adjusted to maintain the
constant workability of the fresh mortar mix (as evaluated by slump
tests). In general, the water demand increased significantly with the
addition of the mPCMs.

Microstructural characterization studies were performed on the
various hardened PCM mortars. SEM showed that the mPCM particles
were finely and homogeneously distributed in the material, and no signs
of breakage/leakage of the mPCM particles were detected. The addition
of mPCMs resulted in the lower density and increased water accessible
porosity of the mortars, which can be attributed to both the excess water
used to control the workability and the air entrapped during the mixing
process. Finally, TGA also indicated the variation in the cement hydrate
composition of the PCM mortars.

The mechanical properties of the cement mortars were also strongly
affected by the introduction of the mPCMs. A loss of compressive
strength of ~64 % was observed upon the addition of only 10.5 vol%
mPCMs (equivalent to ~4.6 wt%). The PCM mortars retain the mini-
mum strength required for structural applications as long as their mPCM
content is <16.2 vol% (equivalent to ~8 wt%).

Conversely, the thermal resistance of the cement mortars was
significantly improved upon the addition of the mPCMs. For instance, a
decrease in the thermal conductivity of ~77 % was obtained for M20
mortar, including 24.3 vol% mPCM particles (equivalent to ~13.6 wt%).
This effect may result from both the intrinsic thermal properties of the
mPCMs and the higher porosity of the PCM mortars compared with the
MO reference mortar. However, the HD measurements did not show any
improvement in the thermal mass of the PCM mortars with respect to the
reference, but these results should be considered with caution because of
the limitation in the technique in the temperature range of the phase
transition.

Finally, the M10 mortar composition, including ~16.2 vol% mPCMs
(equivalent to ~8 wt%), offered an interesting balance between



mechanical and thermal properties. In contrast, mortars with higher
amounts of mPCMs should be considered as filling or coating materials
without structural function.

As a final remark, the thermal performance of PCM mortars should
also be investigated on a wall scale to collect data that are more repre-
sentative of actual building applications.
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Appendix A:. Complementary tables
Table Al. Table A2.

Table Al
Densities of the raw materials used in the PCM mortar formulations provided by
the suppliers.

Component  Standard ~ OPC CSA Sp LiquidmPCM  Solid
sand dispersion mPCM
(ME29D) particles
Density 2640 3190 2970 1060 940 870
(Kg m~3) (at 25 °C) (at 25 °C)

Table A2

Theoretical compositions of various PCM mortars reported in kg per m* for the fresh mix. The W/C ratios and mass and volume fractions of mPCM particles are also reported (they are similar to those previously reported in

Table 2).

Volume fraction of mPCM particles

(vol.%)

Mass fraction of mPCM particles (wt.%)

W/C ratio

Total amount of water

Solid mPCM particles

Sand OPC CSA

Designation

0.35

313.48

2.33
1.88

62.69
1.44

832.97

1061.53

Mo

10.53
16.16

4.55

0.47 (+34 %)

0.75

341.06

91.64370157

671.70 50.56

856.01

M5

7.96

413.94

140.5501267

515.06 38.77

656.39

Mio

(+114 %)

0.88

20.94

11.03

423.31

182.1815236

445.64 33.54 1.25

567.92

Mi15

(+151 %)
1.05

24.35

13.57

436.43

211.9026502

388.27 29.22 1.08

494.81

M20

(+200 %)
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