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ARTICLE INFO ABSTRACT

Keywords:

This study investigates the integration of microencapsulated paraffin-wax Phase Change Materials (mPCMs) into
cementitious mortars as an innovative Thermal Energy Storage (TES) strategy. Despite their environmental and
cost benefits, incorporating mPCMs into mortar poses challenges, particularly in delivering suitable workability
and mechanical properties. The research evaluates the impact of water-slurry mPCMs on TES performance in
mortar samples with increasing mPCM concentrations. A comprehensive approach is employed to assess thermal
properties under diverse conditions, using calorimetric, conductivity, and microthermometric methods. Me-
chanical and microstructural analyses provide insights into mPCMs' influence on cement matrices. The study
examines how mPCMs affect various aspects of mortar, including compressive strength, microstructure, thermal
conductivity and latent heat. The findings contribute to a deeper understanding of mPCM integration in
cementitious binders for TES systems, addressing both thermal and mechanical behaviour. This research supports
the development of sustainable heat storage solutions, advancing also more efficient and practical applications of
mPCMs in structural building materials and TES systems.

Thermal Energy Storage (TES)
Microencapsulated phase change materials
(mPCM)

Cement mortar

Energy saving

Thermo-Active Building Systems (TABS)
Thermo-mechanical properties

1. Introduction

The increasing global demand for energy, driven by economic and
population growth, has led to extensive reliance on fossil fuels,
contributing to resource depletion and significant greenhouse gas
emissions. To mitigate these impacts and meet sustainability goals,
renewable energy sources such as solar, wind, geothermal, and hydro-
electric are becoming increasingly integrated into the energy mix [1].
However, due to the climatic uncertainties, the means of storing
renewable energies, often discontinuous and/or cyclic, has become ur-
gent [2]. This has led to a need to develop efficient and sustainable
methods of storing energy. Among them, Thermal Energy Storage (TES)
plays a key role by storing energy in the form of heat for later use in
heating, cooling or power generation applications [3-5]. TES can be
categorized into three types: Sensible Heat Storage (SHS) [6,7] which is
used heavily in Concentrated Solar Power (CSP) [8], Latent Heat Storage
(LHS) [9] that include Phase Change Materials (PCMs) [10] and Ther-
mochemical Storage (TcS) [11].
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The application of Phase Change Materials (PCM) on Thermo Active
Building Systems (TABS), also known as thermally activated building
structures, is a significant research area aimed at enhancing the thermal
inertia of buildings, shifting peak energy loads, and improving thermal
comfort. Research shows that integrating PCM into TABS can lead to
20-40% energy reductions and 50% improved thermal storage
compared to traditional concrete systems [12].

Latent Heat Storage (LHS) systems utilize PCMs that can release or
absorb energy through changes in their physical state. The heat is pri-
marily stored during the phase-change process at a relatively constant
temperature, which is directly linked to the substance's latent heat. LHS
offers two main advantages over Sensible Heat Storage (SHS): higher
energy storage density and the ability to store heat within a narrow
temperature range. Initially, PCMs in LHS systems behave similarly to
materials in SHS systems, with temperature rising linearly as system
enthalpy increases. However, during the phase change, heat is absorbed
or released at a nearly constant temperature [5]. This work primarily
focuses on PCMs derived from LHS systems. PCMs can be categorized
based on their phase transformations: solid-solid, solid-liquid,
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Nomenclature

Abbreviations

TES Thermal Energy Storage
SHS Sensible Heat Storage
CSP Concentrated Solar Power
LHS Latent Heat Storage

PCM Phase Change Material
TcS Thermochemical Storage
PW Paraffin Wax

PEG Polyethylene Glycol

mPCM  Microencapsulated Phase Change Material
NPCM  Nanoencapsulated Phase Change Material
DSC Differential Scanning Calorimetry

TCS Thermal Conductivity Scanner

MTPS Modified Transient Plane Source

SEM Scanning Electron Microscope

SE Secondary Electrons

mRS micro-Raman Spectroscopy

PPM Polychromatic Polarization Microscopy

S Standard Sand

C Cement
w Tap water
Wa Water dispersion

Latin letters

m Mass [kg]

A% Volume [m3]

T Temperature [°C]

ff Flexural strength [MPa]

f. Compressive strength [Mpa]

Fr Load applied [N]

1 Distance between supports [mm]
b Square section of prism [mm]

Cp Specific heat capacity [J/(kg-K)]
Greek letters

p Density [kg/m3]

AH Latent heat [J/g]

o Thermal Diffusivity [m2/s]

e Thermal Effusivity [Ws1/2/(m2-K)]
k Thermal Conductivity [W/(m-K)]

liquid-gas, and solid-gas. While gas transformations offer significant
energy storage per unit volume, PCMs involve substantial volume
changes that are challenging to manage. In contrast, solid-solid and
solid-liquid transformations are more practical for thermal energy
storage systems due to their minimal volume change, typically less than
10%. This characteristic makes these types of PCMs particularly suitable
for efficient and manageable thermal energy storage applications
[13-15]. Depending on the type of material used, PCMs are further
divided into organic, inorganic [16-19], and eutectic types [17,20-22].
This study focuses only on organic PCMs.

Organic PCMs can crystallize with little or no subcooling and
maintain their latent heat and self-nucleating properties. They are non-
corrosive, melt congruently (liquid and solid composition is identical),
and do not experience phase segregation. Although they are mainly
solid-liquid PCMs, some organic PCMs like polyalcohol and poly-
ethylene are solid-solid [21]. Organic PCMs present two main chal-
lenges: poor thermal conductivity, ranging from 0.1 to 0.3 W/(m-K), and
issues with shape stabilization. These materials often require encapsu-
lation in plastic containers to maintain their shape and prevent leakage
during phase transitions.

They are further classified into Paraffin Wax (PW) [23] and
non-paraffin organic PCMs [24,25], including Polyethylene Glycols
(PEGs) [26], fatty acids, and derivatives. Paraffin waxes are composed
mainly of straight-chain n-alkanes (CHs—(CH2)-CHs) and release a sig-
nificant amount of latent heat during crystallization of the (CHs)- chain,
exhibiting solid-liquid phase transition. The melting point and latent
heat of fusion increase with chain length. Paraffin shows an increase in
the melting temperature as the number of chains is increased [27,28].
They are excellent storage systems, having extensive use in building
with the latent heat of 200-220J/g and heat capacity of 2.14 —
2.4 J/(g-K). Paraffin waxes possess several desirable properties for their
use in TES systems. These include chemical inertness (stable below
500°C), safety, reliability, predictability, and cost-effectiveness. Addi-
tionally, paraffin waxes are non-corrosive and available in a wide tem-
perature range (5-80°C), making them versatile for various applications
[17]. However, some issues include moderate flammability and low
thermal conductivity, necessitating large surface areas and high latent
heat for efficient heat transfer during the freezing cycle.

To overcome these issues, encapsulation techniques have been
developed to contain the PCMs, enhance compatibility with construc-
tion materials, and reduce leakage [29]. The encapsulation is

categorized by the size of particles into macro (>1000 pym), micro (1 um
to 1000um) and nano (1-1000nm) models. Although the micro-
encapsulated Phase Change Materials (mPCMs) is the most used
concept, nanoencapsulated Phase Change Materials (nPCMs) has an
ever-increasing demand [30]. As a matter of fact, with a smaller capsule,
a higher surface area to volume ratio of the material will be provided,
which enhances the heat transfer. PCM encapsulation is widely used in
building cooling systems, where air passes through flat containers of
PCM [31].

Various approaches to prepare the organic encapsulated PCM as a
new kind of TES medium have been extensively developed and can be
manufactured to suit the desired properties [32]. For these reasons there
are several studies about mPCMs, where choosing the combination
shell/core is the most important point. The proportion of core material
in the capsule is usually between 20% and 95% by mass. The micro-
capsules may consist on a single particle or clusters of particles. Paraffin
wax is one of the most employed PCM in mPCMs systems [33,34].

Microencapsulated Phase Change Materials in slurry form represent
a significant advancement in PCM technology. These slurries have
gained increasing importance as heat transfer fluids and thermal energy
storage media [35-37]. In recent years, the integration of PCMs into
cementitious materials has emerged as a promising strategy to enhance
the thermal inertia of building envelopes and promote energy efficiency
[35,38,39]. Slurries containing microencapsulated phase change mate-
rials (mPCM) have vast potential applications in the construction in-
dustry, especially for cement mortar and concrete. These innovative
materials can be used in thermal energy storage systems like pavements,
slabs, or energy geostructures. Energy geostructures are multifunctional
technologies that serve both structural and energy exchange purposes,
offering advantages such as reduced costs, land use, increased energy
efficiency, and lower environmental impact. Examples of energy geo-
structures include energy foundations such piles, walls, tunnels, and
other geo-structural components integrated with ground heat ex-
changers. This technology is gaining widespread adoption worldwide. A
comprehensive database-driven analysis of energy geostructures is
presented in [40]. For energy geostructures to fulfill their dual function,
the constituent material must provide high thermal exchange efficiency
while meeting the required mechanical strength. However, incorpo-
rating PCMs into cementitious materials presents certain challenges. The
most significant concern is the potential deterioration of mechanical
properties, in relation to the percentage of mPCM [39,41].
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Studies have shown that adding PCMs to mortar mixes can have
varying effects on mechanical performance [42,43]. Notably, as the
PCM content increases from 0% to 20%, a reduction in compressive
strength of up to 51% has been observed [44]. Incorporating these
materials in mortars can also alter their workability, microstructure [45]
and thermal properties [46,47]. This trade-off between thermal benefits
and mechanical integrity highlights the need for careful consideration
when implementing PCM technology in binding materials.

This study is focused on the evaluation of microencapsulated water-
slurry mPCMs addition (with a melting temperature of around 70°C) in
mortars behaviour, voted to improve the TES performance. A variety of
different experimental techniques were applied to deeply characterize a
series of mortar samples prepared with different microencapsulated
PCMs concentrations ranging from 0% to 15% by total weight of the
mortar (corresponding to a nominal percentage of mPCM ranging from
0% to 3.82%). All measurements were conducted at the Department of
Geosciences, Universita degli Studi di Padova, except for the Differential
Scanning Calorimetry (DSC) measurements, which were performed at
the Institute of Condensed Matter Chemistry and Technologies for En-
ergy — National Research Council of Italy (ICMATE-CNR).

The following properties have been performed:

— The thermal properties (thermal conductivity, thermal diffusivity,
thermal effusivity) of samples under dry conditions, at room tem-
perature (around 20 °C) and high temperature (around 80-90 °C),
were analysed with three devices: the Differential Scanning Calo-
rimetry (DSC) [48], Thermal Conductivity Scanner (TCS) [49] and
with Modified Transient Plane Source method (MTPS) [50].

— The mechanical properties of all specimens with different mPCMs
ratios were also investigated by Compressive strength (f.) [51] and
Flexural strength (fy) tests.

— Microstructures also were analysed with Scanning Electron Micro-
scope (SEM) [52], polarized conventional (mineralogical) optical
microscopy and polychromatic polarization microscopy [53].
Furthermore, micro-Raman Spectroscopy (mRS) [54] was employed
to assess the distribution of mPCMs in the matrix.

Despite growing research on PCMs in construction materials, the
specific application of mPCMs in slurry form mixed within cement
mortars as a heat and energy storage medium has not been adequately
addressed. While previous studies have extensively investigated the
incorporation of PCM into cementitious materials, the majority of
existing research has focused on low temperature PCMs intended for
indoor thermal comfort and energy-efficient buildings. Most of these
studies consider dry mPCMs, in contrast, fewer investigations have
explored mPCM slurries. This study aims to further investigate the
incorporation of mPCM slurry into cementitious mortars through a
multidisciplinary experimental approach. Building upon existing liter-
ature, the work extends previous studies to mPCMs with higher phase
transition temperatures and allows a combined evaluation of micro-
structural, thermal and mechanical behaviour in order to assess the
feasibility of this approach for thermal energy storage applications.

In particular, the novelty and originality of this work lie in three
main aspects. First, the study investigates a paraffin wax micro-
encapsulated PCM system characterised by a medium temperature
phase transition (around 70 °C), which is higher than the temperature
ranges typically addressed in cementitious PCM composites for building
comfort applications. Second, the mPCMs are incorporated in the form
of an aqueous slurry rather than as dry microcapsules, allowing the
investigation of mPCM slurries effects on mix design, density, porosity,
mechanical performance and thermal transport properties. Third, an
integrated and systematic experimental approach is adopted, combining
complementary techniques including differential scanning calorimetry,
thermal conductivity measurements at both ambient and elevated
temperatures, mechanical testing, micro-Raman spectroscopy and
scanning electron microscopy to establish correlations between
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microstructure, thermal behaviour and mechanical response. This
combined perspective provides new insights into the feasibility and
limitations of mPCM slurries incorporation in cementitious mortars for
thermal energy storage applications.

This paper firstly presents the comprehensive experimental program
in all the different applied measuring techniques and, secondly, the
obtained results are presented and discussed.

2. Experimental program
2.1. Tested materials

The utilized PCMs are microencapsulated phase change materials,
purchased from the company MikroCaps (https://www.mikrocaps.com/
). These mPCMs, described in Table 1, are an aqueous suspension (water-
slurry) of microencapsulated paraffin wax, with a membrane made of
melamine-formaldehyde. A Portland Limestone Cement CEM II/B-LL
42,5R, from Italcementi HeidelbergCement Group, was used to pre-
pare the mortar samples. The phase composition of the cement and the
grain size distribution are reported in Table 2. The phase composition
was determined by quantitative phase analysis of x-ray powder
diffraction data using the Rietveld method and the chemical composi-
tion by XRF analysis. Grain size distribution was measured by laser
granulometry dispersing the powder sample in air, obtaining Djg
=1.8 um; D5p =7.5 um and Dgp = 25.9 um. The cement estimated bulk
density is 3031 Kg/m>. The mortar used in this study contained standard
Sand (S) certified in accordance with EN 196-1 and conforming to ISO
679:2009, purchased from Société Nouvelle du Littoral (https://
standard-sand.com/). S is a natural sand, which is siliceous particu-
larly in its finest fractions. Tap water (W) was also added following the
standard guidelines (EN 196-1).

2.2. Methodology

2.2.1. Sample preparation

The experimental program was prepared to investigate the physical
and mechanical properties, thermal conductivity, heat transfer evolu-
tion and the microstructures of the mPCM-mortars mix. To do this, five
different compositions were prepared in the form of 25 initial samples of
different shapes to conduct various analyses. The compositions were
standard mortar without mPCMs (Ref. mix 0% mPCM+S) and four
mixtures of mortar with different mPCMs contents (Mix 8.0% mPCM-S,
Mix 10.6% mPCM+S, Mix 11.9% mPCM+S, Mix 14.6% mPCM+S). In
this study, the mPCM content is primarily expressed as the mass fraction
of mPCM slurry with respect to the total mortar weight, as this repre-
sents the experimentally controlled parameter during sample prepara-
tion. The corresponding nominal PCM content is also reported, derived
from the known PCM concentration in the slurry, in order to facilitate
comparison with previous studies. In detail, Table 3 shows the mixing
percentages of the mortars with mPCMs for all samples. The mortar
specimen was prepared in the laboratory with a fixed cement/sand ratio

Table 1

Technical data of MikroCapsPCM70 slurry.
MikroCapsPCM70-slurry Data sheet
PCM content in the dispersion 30%
PCM content in dry capsule 75-80%
Dry content in the dispersion 36%
PCM melting area 68-73 °C
Heat storage capacity (of slurry) 60-78J/g
Heat storage capacity (of dried microcapsules) >170J/g
pH 7,0-9,0
Density 900-970 g/L
Viscosity (at 25 °C) 10-1000 cPs
Appearance White slurry
Average particles size 2-20 pm
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Table 2

Phase composition and chemical composition of CEM II/B-LL 42,5R.
Phase wt% esd Oxide wt%
Alite - C3S 40.7 0.3 SiO, 14.8
Belite — C2S 10.5 0.3 Al,O3 3.1
C3A 2.0 0.2 Fey03 4.9
C4AF 12.3 0.3 CaO 70.8
Calcite 28.5 0.2 MgO 1.4
Gypsum 0.8 0.1 SO;3 3.3
Bassanite 2.8 0.1 P,0s 0.2
Anhydrite 1.1 0.1 K20 0.8
Quartz 0.5 0.1 Na,O 0.4
Portlandite 0.9 0.1 LOI 15.0

of 1:3. For the control sample, a fixed water-to-cement ratio (w/c) of
0.50 was employed. In the four samples containing mPCM, the addition
of free water to the mixtures was progressively reduced resulting in a w/
c ratio ranging from 0.35 to 0.30 as the mPCM content increased. The w/
c ratio was calculated considering only the free water added to the
mixtures, while the nominal ratio accounted for the free water and the
water content present in the mPCM slurry. This slurry had a dry content
of 36%, with PCM (paraffin wax) constituting 30% of the total slurry
weight. For samples with mPCM content exceeding 9.3%, additional free
water was introduced to enhance the mixture's workability. This modi-
fication was necessary because maintaining a constant nominal water
content in samples with high mPCM concentrations resulted in rigid and
unworkable pastes, unsuitable for practical applications. The propor-
tional increase in water content allowed for consistent paste workability
across all samples. No other additives were used to improve workability.
It is well established in the literature that mPCM incorporation signifi-
cantly alters the rheology of cementitious mixtures beyond what a
simple slump value can capture [55]. The mPCM particles, due to their
water-absorbing shell surfaces and the increased solid volume fraction
they introduce, raise both the yield stress and the plastic viscosity of the
paste, resulting in higher water demand to maintain equivalent work-
ability [56,57]. The progressive increase in free water added to the
mixtures was therefore a deliberate design choice aimed at maintaining
consistent workability across all compositions. The consequent trade-off
between workability and compressive strength is well documented for
mPCM-mortar systems [58], and the mechanical results obtained in this
study are fully consistent with this expected behaviour.

The mixing process for ref. mix 0% mPCM+S sample was conducted
as follows: the water was mixed with cement for 1 min using a vertical
shaft stirrer set at a speed of 300 rpm, subsequently sand was added to
the mixture and mixed for another minute. In the samples containing
mPCM, water and mPCM were mixed with cement for 1 min; after this,
sand was added to the mixture and mixed for another minute. The
moulding procedure was identical for all samples. The mortar paste was
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poured into the mould up to halfway and shaken with 30 strokes. Sub-
sequently, the mould was filled to the brim, regularized, and shaken
with another 30 strokes. For the curing process, samples were left in a
curing cabinet maintained at 20+ 1°C and humidity from 95% to
saturation. After 28 days, specimens were demoulded and smoothed
using sandpaper.

A total of 25 samples were prepared, five for each composition. Five
samples (one per composition), measured 6.5cmx5cm x 4.5cm
(Fig. 1a), were used for thermal conductivity measurements (with MTPS
at 20°C and 80°C), micro-Raman analysis, and DSC analysis. The
remaining 20 samples (four per composition), measured 1.5cm x 1.5 cm

Table 5
Density of mPCM and mixed mortars samples with mPCMs, depending on
nominal amount of PCM and water/cement ratio.

Mix ID Nom. PCM [%] Nom. W/C  Bulk Density [kg/
m?]
Ref. Mix 0% mPCM+S 0.00% 0.50 2160.26
Mix 8.0% mPCM+S 2.30% 0.57 2053.12
Mix 10.6% mPCM+S 2.94% 0.59 2019.68
Mix 11.9% mPCM+S 3.25% 0.61 2006.30
Mix 14.6% mPCM+S 3.83% 0.70 1922.32
mPCM 100% / 950.00

Fig. 1. a) Samples (6.5 cmx5cm x 4.5 cm) used for thermal conductivity
measurement with MTPS, micro-Raman and DSC; b) Samples of size
1.5cmx 1.5 ecmx 6 cm used for compressive strength tests, SEM and thermal
conductivity measurements with TCS; ¢) Samples prepared according to EN
196-1:2016 (E) of size 4 cmx 4 cm x 16 cm used for flexural and compressive
strength tests.

Table 3
Proportions of the 25 mixed mortars samples with mPCMs.
Mix ID C [g] S [g] W [g] mPCM slurry [g] mPCM slurry % Ww/C Nom. PCM [g] Wy [g] Nom. W/C Nom. PCM %
Ref. Mix 0% mPCM+S 137.50 412.50 68.75 0.00 0.00% 0.50 0.00 0.00 0.50 0.00%
Mix 8.0% mPCM-+S 137.50 412.50 48.13 48.13 8.05% 0.35 14.44 30.80 0.57 2.30%
Mix 10.6% mPCM+S 137.50 412.50 43.28 61.88 10.43% 0.31 18.56 39.60 0.60 2.93%
Mix 11.9% mPCM+S 137.50 412.50 41.25 68.75 11.63% 0.30 20.63 44.00 0.62 3.25%
Mix 14.6% mPCM+S 137.50 412.50 44.75 82.50 13.87% 0.33 24.75 52.80 0.71 3.82%
Table 4
Proportions for the mixed mortars samples (4x4x16 cm) with mPCMs.
Mix ID C [g] S [g] W [g] mPCM slurry [g] mPCM slurry % W/ Nom. PCM [g] wd [g] Nom. W/C  Nom. PCM %
C
Ref. Mix 0% mPCM+S 450.00 1350.00 225.00 0.00 0.00% 0.50 0.00 0.00 0.50 0.00%
Mix 14.6% mPCM+S (+W) 450.00 1350.00 121.50 270.00 14.05% 0.27 81.00 172.80 0.65 3.87%
Mix 14.6% mPCM+S (++W) 450.00 1350.00 146.25 270.00 13.87% 0.33 81.00 172.80 0.71 3.82%
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x 6 cm (Fig. 1b), were used for compressive strength tests, for SEM, for
thermal conductivity measurements (with TCS at 20 °C). This set of
small size specimens were intended for conducting several tests to
optimize the mixtures while limiting the amount of material to be used.
Once the optimal mPCM content and relative w/c ratio for the mixtures
were determined, larger mortar samples complying with EN
196-1-1:2016 were prepared to characterize the mechanical properties
of specimens with conventional mortar sizes. The additional samples
were prepared for two compositions: the reference mix (0% mPCM+-S)
and mortar with the maximum mPCM concentration of 14.6% (Mix
14.6% mPCM+S) (Table 4). The samples named +W and + +W have
been prepared by adding an additional amount of water to improve
workability. They were cast in moulds consisting of three horizontal
compartments, allowing for the simultaneous preparation of three
prismatic specimens. Each specimen measured 4 x 4 cm? in cross section
and 16 cm in length (Fig. 1¢). After curing for 2 days, the specimens were
demoulded and cured for an additional 26 days. Then, the specimens
were measured and tests were conducted to determine their flexural and
compressive strengths.

2.2.2. Bulk density measurements

After 28 days of curing, the specimens were regularised by lapping
with abrasive agents or sandpaper. The bulk density p of all samples was
determined by measuring their volume V and their mass m indepen-
dently at room temperature (i.e., p = m/V).

2.2.3. Mechanical tests

Tests were performed on mortars cast in 6 x 1.5 x 1.5 cm® moulds,
after 28 days of curing, utilizing the Uniframe 70-T1192-Controls press,
an electromechanical press designed for force and displacement-
controlled load testing. These were the preliminary screening tests,
from which the most promising mixture was selected for subsequent full
standard testing. A load cell with a maximum capacity of 25 kN was used
to conduct tests at a displacement speed of 0.6 mm/min. The compres-
sion tests were performed using a scaled equipment developed at the
CIRCe Center (University of Padua) by the 4th author and already used
in previous research on cementitious materials [59]. Following the
standards, 6 tests were conducted for each composition and the
compressive average values with related Coefficient of Variation (CoV)
were calculated.

Subsequently, tests were carried out on standard 4 x 4 x 16 cm
samples (after 28 days of curing) to measure flexural and compressive
strengths, according to EN 196-1. Measurements were performed
applying a loading rate of 2400 N/s for compressive strength and 50 N/s
for flexural strength [60].

Finally, the compressive strength and flexural strength (f) were
calculated for the 4 x 4 x 16 cm® specimens, according to EN 196-1
standard [60]. f;in this case was calculated as:

15 e F o 1
= ™

Where f is the flexural strength, b is the side of the square section of the
prism, Fyis the load applied to the middle of the prism at fracture and l is
the distance between the supports. The 9 specimens (3 of ref. mix 0%
mPCM+S and 6 of mix 14.6% mPCM+S) were broken at 28 days of
curing.

2.2.4. Microstructural analysis

2.2.4.1. Micro-Raman spectroscopy (mRS). The distribution of mPCMs
within the cement matrix was analysed using a Witec alpha 300 R
confocal Raman micro-spectrometer. The analysis was conducted with a
laser wavelength of 532 nm, a nominal laser power of 10 mW. The
spectrometer was equipped with a grating of 300 g/mm. The mPCMs
used in this study were made of paraffin wax, which exhibits a
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diagnostic Raman band at 2885 cm ™.

To obtain an overview of the mPCM distribution, maps were ac-
quired covering an area of 250 x 180 microns. The mapping resolution
was set to 50 points per line and 40 lines, with step size of 5 microns
along the X-axis and 4.5 microns along the Y-axis. Multiple areas were
selected in the bottom and top zones of the samples, relative to the
casting direction. The maps were acquired in ‘scan’ mode with an
integration time of 1 s and a laser scan rate of 50 s/line. Each mapping
session had a total duration of 35 min.

2.2.4.2. Polarizing and polychromatic polarization microscopy (PPM). In
order to visualize the behaviour of paraffin wax crystals within the
microcapsules before and after the phase changes, optical microscopy of
mPCMs was performed with different instruments and techniques.
Conventional transmitted polarized light (petrographic) microscopy was
performed using a Zeiss Axioscop 40pol at ambient temperature with
small amounts of sample on glass slides, and with a Zeiss Photo-
microscope III for samples studied in the heating-freezing stage.
Ambient temperature observations were made also using the novel PPM
technique [53] which allows detection and analysis of materials with
very low birefringence.

2.2.4.3. Microthermometry. Microthermometric analysis of mPCM was
performed using a heating - freezing stage installed on a polarizing
microscope. The stage is a Linkam THMS600, with an operating range of
—195 °C to + 600 °C; it enables direct optical observations of the phase
changes occurring within mPCMs, i.e., melting during heating and
crystallization during cooling. It also allows precise determination of
melting temperatures with an uncertainty of 0.2 ° C. The apparatus is
electronically controlled for heating/cooling rates and is equipped with
a camera (Moticam 580, 5.0 MP) capable of filming the ongoing
experiment in real time. Samples of mPCMs were dried on a sample
holder and subjected to 30 heating-cooling cycles inducing melting and
crystallization. It should be noted that, hereafter, the term “dry mPCM”
refers to a sample of mPCM slurry that was dried at ambient temperature
for at least 48 h prior to testing. Whereas “wet mPCM” denotes the
mPCM slurry in its as-received condition, i.e. in the liquid state as sup-
plied by the manufacturer and used directly without any drying treat-
ment. The dry mPCM slurry was observed before and after the cycles for
a comparison of its microstructures.

2.2.4.4. Scanning electron microscope (SEM). SEM images were ac-
quired using a FIB-FE-SEM Tescan SOLARIS microscope. Two specimens
were selected for initial analysis: one from the reference mix 0%
mPCM+S and one from the mix with 14.6% mPCM+-S. These specimens
were taken from samples that had undergone compressive strength
testing at 28 days but had not received any heat treatment. They were
embedded in epoxy and polished to obtain a flat surface sample. Carbon
coating was applied to the sample surface prior to SEM analysis.

Following the Differential Scanning Calorimetry (DSC) tests, addi-
tional samples were analyzed. These included the reference mix 0%
mPCM+S, the mix with 11.9% mPCM+-S, the mix with 14.6% mPCM+-S,
and a single dry mPCM sample that had been heat-treated. For com-
parison, a sample of dry mPCM that had not undergone thermal alter-
ation was also included in this analysis. For the Scanning Electron
Microscopy (SEM) preparation, the post-DSC samples were fragmented,
dispersed on carbon tape, and coated with chromium.

2.2.5. Differential scanning calorimetry (DSC)

DSC measurements were conducted using a DSC Mettler Toledo
DSC3 with 40 microlitre aluminium crucibles. The heating rate was set
to 5 °C/min within a temperature range of 30 + 5 °C to 90 + 5 °C.
Samples of dry mPCM, wet mPCM, ref. mix 0% mPCM+S and all con-
centrations of mPCM-mortar mix were analysed. For these latter sam-
ples, heating and cooling cycles were performed on three different
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portions of the same sample, taking material from the top, middle and
bottom respectively, as shown in Fig. 2. Finally, in the mPCM slurry, in
the ref. mix 0% mPCM+S and in the central section of the samples
containing mPCM-mortar mixes, 30 consecutive heating and cooling
cycles were performed between 30 °C and 95 °C at 5 °C/min.

2.2.6. Thermal conductivity tests

As for the thermal properties’ measurements, two devices have been
used: the TCS to measure thermal conductivity and diffusivity at room
temperature (20°C); and MTPS to measure thermal conductivity and
effusivity at room temperature (20°C) and at high temperature
(80-85°C).

2.2.6.1. Thermal conductivity scanner (TCS). Thermal Conductivity (k)
was monitored by means of a thermal conductivity scanner (TCS) that is
able to measure k together with thermal diffusivity (o) on solid materials
like rock samples or cements. The TCS uses the optical scanning tech-
nology developed by Yuri Popov [61]. The optical scanning technology
is based on scanning a sample surface with a focused, mobile and
continuously operated optical heat source in combination with infrared
temperature sensors. The determination of the thermal properties of the
analysed materials is based on the comparison with temperature dif-
ferences measured on two standard samples labelled A and B (certified
samples having known thermal properties).

TCS has an optical scanning method that has an accuracy and pre-
cision of 3% for k and 5% for o, scanning speed of 5 mm/s and a mea-
surement range for k from 0.20 to 25.00 W/m-K and for « from 0.6 to
3.0 mm?/s. Before the measurement, samples were prepared by painting
surfaces to be analysed with acrylic black paint to avoid reflection
during measurement (a scanning line with a width of at least 2 cm).
Used standards have k values of 1.35 W/(m-K) (sample A) and 6.41 W/
(m-K) (sample B) and o values of 0.850 mm?/s (sample A) and
2.750 mm?/s (sample B). Thermal conductivity k and thermal diffusivity
a were calculated by comparing the temperature of the measured sample
with the temperature of the reference standards.

2.2.6.2. Modified transient plane source method (MTPS). Thermal con-
ductivity (k) and thermal effusivity (e) measurements were performed
using a thermal conductivity analyser (C-Therm), under standard room
temperature or high temperature (80-85 °C) and atmospheric pressure
conditions [62]. The instrument uses the MTPS technique, which in-
volves a one-sided heat reflectance sensor that briefly applies a constant
heat pulse to the sample. The voltage change across the sensor is
recorded during the measurement as its temperature increases slightly
due to the applied pulse. The pulse duration is short enough to assume
the sensor is in contact with an infinite or semi-infinite solid. The
measurement time is selected to ensure that the boundaries of the
sample do not significantly impact the sensor’s temperature rise.

The flat surfaces of the specimens were covered with a thermal paste
to ensure continuity of contact with the sensor and minimise thermal
resistance. Thermal conductivity and effusivity were measured directly,
with precision within 1% relative standard deviation (RSD) and

Fig. 2. Sampling areas for DSC analysis.
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accuracy within 5%. The instrument was used both to perform mea-
surements at room temperature and at rising temperatures (up to a
maximum of 80-85 °C) by inserting the sample and the sensor inside an
oven (Memmert GmbH - UF55 Plus) with forced air circulation. Before
starting sample measurements, a reference material test must be run for
calibration. A specific reference material is chosen according to the
characteristics of the sample and the expected thermal conductivity
values. The Pyroceram reference material was used for this set of mea-
surements. The specifications for the reference materials provided with
the instrument are outlined in the manual [50].

3. Results and discussion

The results of the different methods explained earlier are presented
and discussed herein.

3.1. Bulk density

The incorporation of mPCMs in mortars results in a slight decrease in
their bulk density, as shown in Table 5. The data indicates that adding
mPCM slurry up to a concentration of 14.6% within the mortar leads to a
density reduction of approximately 11% compared to the reference mix
0% mPCM + S. This observed trend can be attributed to the lower
density of mPCM relative to cement and sand, and it aligns with findings
reported in previous studies [63,64]. In addition, the use of mPCMs in
slurry form introduces an extra amount of water into the mixture, which
increases the effective porosity of the mortar, further contributing to
bulk density reduction [65]. It is important to note that the addition of
mPCM slurry introduces extra water into the system, thereby increasing
the nominal water-to-cement ratio (as shown in Table 2 and Table 4).
The combined effect of the lower intrinsic density of the mPCMs and the
increase in porosity associated with the higher nominal w/c ratio ex-
plains the progressive decrease in bulk density with increasing mPCM
content [66]. As expected, the bulk density values exhibit an inverse
correlation with the nominal w/c ratio values, which is illustrated in
Fig. 3.
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Fig. 3. Samples bulk density and compressive strength (f.) as a function of the
water to cement ratio, together with the fitting curves. The decreasing trend
reflects the combined effect of increasing mPCM content and higher nominal
water-to-cement ratio.
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3.2. Compressive strength and flexural strength

To examine the impact of the mPCMs slurry addition fraction on the
mechanical properties, specimens with different mPCMs portions were
tested. Table 6 presents all the compressive strengths and flexural
strengths results (represented also in Fig. 3). Flexural strength values are
reported only for EN 196-1 standard prisms, as flexural tests were not
performed on smaller samples. All specimens, with different mPCM
percentages (0%, 8,0%, 10,6%, 11,9% and 14,6%), were cured for 28
days.

Test results show that the compressive strength value of mortar
specimen with mPCMs was lower than that of the reference Mix 0%
mPCM+S (i.e., 0% mPCMs) having a strength of 45.5 MPa at 28 days of
curing. This compressive strength decreased from 31.7 MPa (Mix 8.0%
mPCM+S) to 23.8 MPa (Mix 14.6% mPCM+S), with a reduction ranging
from 30.3% to 47.7%, consistent with the findings of previous works
[67]. The compressive strength further decreased when the mPCMs ratio
was increased, with the exception of Mix 11.9% mPCM-+S, probably due
to an influence of the operator's handling during sample preparation. As
expected, mortars with lower water to cement ratio (W/C) had higher
compressive strength.

The 6 samples with mPCM have two different water concentrations,
3 reflect the same water content as the smaller samples, while 3 others
have a reduced water concentration. It is observed that in the larger
samples, the workability of the material increased and the amount of
water could be reduced as the mPCM concentration increases.

Also, in these ref. mix 0% mPCM+S samples, what was observed for
the smaller specimens is confirmed with an average compressive
strength value of 47.4 MPa and an average value of 6.0 MPa for flexural
strength. For the sample mix 14.6% mPCM-+S, on the other hand, the
same average compressive strength value of approximately 23.5 MPa
and an average flexural strength value of 4.1 MPa were maintained (for
the sample with the highest water content). For the others with reduced
water content, the average compressive strength value was 28.3 MPa
and 4.9 MPa flexural strength, confirming that reducing the water
content in the mix results in higher compressive strength values.
Nonetheless, the presence of the mPCM always hinders the overall
strength of the sample.

PCMs have low shear strength and stiffness compared to cement and
some PCM particles fail during loading. In addition, the bond between
the mPCMs and mortar components is weak, reducing the mortar’s mass
loss and compressive strength [68]. In the literature, however, an in-
crease in compressive strength over time is reported for the same mPCM
content [63]. This observation indicates the retarding effect of the
mPCMs addition on the cement hydration process. The delay in hydra-
tion reactions was previously evidenced in other types of PCM inclusion
as well [69] and it is reasonably correlated with the breakage of some
microcapsules as also observed in our SEM analyses.

According to the EN 196-1:2016 standards for mortar classification,
the compressive strength and flexural strength was considered in this
work [70]. The mechanical characterization reveals a systematic dete-
rioration in compressive strength with increasing mPCM content, with

Table 6

Construction and Building Materials 520 (2026) 145989

reductions ranging from 30.3% to 47.7% compared to the reference
mixture (45.5 MPa). This progressive strength decline can be attributed
to three synergistic mechanisms: (i) the inherently low mechanical
properties of the PCM phase, (ii) weak interfacial bonding between
mPCMs and the cementitious matrix, and (iii) increased porosity
resulting from slurry incorporation. The water-to-cement ratio optimi-
zation study demonstrates that, while increased mPCM content en-
hances workability, the net effect on compressive strength remains
negative. Optimizing W/C ratio can partially mitigate strength loss
(from 23.5 MPa to 28.3 MPa for Mix 14.6%), though values remain
substantially below the reference (47.5 MPa), indicating that funda-
mental mechanical limitations imposed by mPCM incorporation cannot
be fully overcome through mix design adjustments alone.

The compressive strength obtained for the mortar with mPCMs
specimens proves their potential in different architectural applications
and potential thermal energy storage capabilities. In fact, the consis-
tency between small and standard specimens validates the scalability of
observations. Despite the mechanical compromise, residual compressive
strengths (23.5-31.7 MPa) remain within acceptable ranges for non-
structural applications, confirming the feasibility of these materials for
thermal energy storage in architectural contexts where moderate me-
chanical performance is sufficient. Similar results were reported for the
different mortar rates with mPCMs [67].

3.3. Microstructure analysis

3.3.1. Micro-Raman spectroscopy (mRS) of cement mortar with mPCMs

The spatial distribution of mPCMs through the cement matrix was
investigated by mapping the characteristic Raman band of paraffin wax
at 2885 cm ™. This analysis was conducted in selected areas within both
the top and bottom zones of mortar sample 14.6% mPCM+S. This se-
lection of mapping locations was designed to investigate potential
segregation effects of the mPCMs within the mortar matrix. The ratio-
nale behind this approach stems from the fact that mPCMs have a lower
density compared to cement phases, and the microcapsules might
accumulate in the upper portion of the freshly cast mortar paste before
the setting process begins.

Fig. 4 presents an example of full Raman spectra obtained from the
14,6% mPCM —+ S sample, the mPCM slurry and the reference mortar.
The peak corresponds to the maximum intensities of the 2885 cm-1
band, which is diagnostic for paraffin wax. Upon comparing the top
and bottom zones of the sample, no significant differences were
observed. This suggests that, within the limitations of the small areas
investigated, there are no detectable segregation effects of the mPCMs in
the mortar matrix. Micro-Raman spectroscopy has been previously
employed to investigate phase identification and spatial distribution in
cementitious materials and PCM-based systems, demonstrating its suit-
ability for the analysis of heterogeneous composites [71-73]. However,
to the authors’ knowledge, this is the first study applying micro-Raman
mapping to cement mortars incorporating mPCMs in slurry form and
specifically targeting a PCM with a phase transition temperature of
approximately 70 °C, providing new insights into capsule distribution

Compressive strengths (f.) and Flexural strengths (fp) results for the mixed mortar samples. The coefficient of variation is reported in brackets. Flexural strength (ff)

values are reported only for EN 196-1 standard prisms.

Mix ID Samples dimension [cm] Curing days Bulk Density [kg/m3] f. [MPa] f; [MPa]
Ref. Mix 0% mPCM+S 1.5x1.5x6 28 2160 (0.5%) 45.5 (12.7%) /

Mix 8.0% mPCM+S 1.5x1.5x6 28 2053 (0.5%) 31.7 (6.1%) /

Mix 10.6% mPCM+S 1.5x1.5x6 28 2020 (0.3%) 26.8 (4.4%) /

Mix 11.9% mPCM+S 1.5x1.5x6 28 2006 (0.2%) 30.5 (4.5%) /

Mix 14.6% mPCM+S 1.5x1.5x6 28 1922 (0.6%) 23.8 (4.3%) /

Ref. Mix 0% mPCM+S 4x4x 16 28 2223 (0.3%) 47.5 (8.7%) 6.05 (4.5%)
Mix 14.6% mPCM+S (+W) 4x4x16 28 2018 (1.2%) 28.3 (4.0%) 4.97 (27%)
Mix 14.6% mPCM+S (++W) 4x4x16 28 1993 (1%) 23.5 (4.0%) 4.09 (26%)
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Fig. 4. Representative Raman spectra of ref. mix 0% mPCM + S, dry mPCM and mix 14.6% mPCM + S. In the dotted spectrum a peak at 2927 cm-1 is present, which

is likely due to contamination from organic material (e.g. glue).
and stability under these conditions.

3.3.2. Microthermometry and optical microscopy observations

Dry mPCMs were then observed at ambient temperature with a
polarizing microscope to see their original shape before and after
melting events (Fig. 5). Portions of the sample were chosen in which the
microcapsules were clearly visible and rather isolated, in order to
observe both the capsule morphology and the crystalline phases of the
inner paraffin wax in the solid state. The latter can be easily identified by
their variable interference colours under crossed-polarization mode
(Fig. 5a). Various objectives (20x, 50x and oil immersion 100x) were
used to acquire images of the sample.

Afterwards, a series of videos and photomicrographs of the same pre-
selected portion of the sample were taken during heating/cooling cycles
in the Linkam THMS600. Four pre-cycles of heating and cooling images
were taken, two at 60 °C, in the solid crystalline state and two at 75 °C,
in the completely melted state of the paraffin wax of the mPCMs. Movie
(supplementary material 1 - video) enables visualization of the melting
of the paraffin wax by the sudden disappearance of the optically
anisotropic material contained within the microcapsules' membrane.
Melting of the paraffin wax took place in the temperature range 71 °C -
74 °C. Thirty heating/cooling cycles were performed, and photos were
then captured on the same area (Fig. 5b). Subsequently, more detailed
and magnified images of the same sample (post cycles) were acquired at
the ZEISS optical microscope, also under PPM mode (Fig. 5c).

Supplementary material related to this article can be found online at
doi:10.1016/j.jallcom.2022.164017.

Optical microscopy also shows that the shape of microcapsules at
ambient temperature is often not perfectly spherical, with frequent
buckling of the shells, that is more apparent in the larger capsules
(Fig. 5d) but is widespread at all sizes. Shell buckling is a well-known
type of deformation of micro- and nanocapsules [30] and is probably
due to the internal depressurization microcapsules undergo in response
to the volume contraction (approximately 15% [74]) related to the
liquid/solid transition (crystallization of the paraffin wax). After the 30
heating and cooling cycles, microcapsules were brought up to 95 °C to
check for any damages at elevated temperatures. Optical microscopy did
not show any noticeable changes.

From these observations and comparisons of the same sample, ana-
lysed before and after the heating and cooling cycles, no major changes
in the microcapsules are observed. Microcapsules seem to retain their
structure and do not suffer damage after the thermal cycles performed

on the sample. The solid paraffin wax consists of aggregates of sub-
micrometric crystals, which are particularly evident in the coarser
spherules and under PPM imaging (Fig. 5e and Fig. 5f).

3.3.3. Scanning electron microscopy (SEM) of cement mortar

SEM images of the polished sections of the reference mortar and
mortar with mPCM samples are presented in Fig. 6. The mortar sample
containing mPCM exhibits numerous circular voids with a maximum
diameter of approximately 15 um. These voids are attributed to both the
PCM microcapsules and air bubbles entrapped in the mortar paste dur-
ing mixing. The stabilizing agents in the mPCM slurry likely caused a
mild foaming effect. This increase in spherical voids is consistent with
the reduction in bulk density observed for mPCM-containing mortars
and contributes to the modification of both mechanical and thermal
properties. Notably, the mPCMs appear to be well-distributed
throughout the cement matrix, without clustering in specific areas.
Furthermore, no apparent damage is observed in the interfacial transi-
tion zones surrounding the mPCMs. This homogeneous distribution
confirms that segregation effects are limited, in agreement with the re-
sults obtained by micro-Raman mapping.

The almost spherical geometry of the voids in mortar sample is
consistent with the morphology of the mPCMs used (see Figs. 7a, 7b).
The outer shell surface of the mPCMs, in the majority of cases, has no
damage or rupture, confirming that the mPCMs are suitable to resist the
mixing, casting process, curing, heating and cooling cycles and ensure
good binder-PCMs integrity [67]. Similar SEM observations, high-
lighting intact microcapsules and good dispersion within the cement
matrix, have been reported in previous studies on cementitious mortars
incorporating microencapsulated paraffin PCMs, confirming the suit-
ability of SEM for investigating PCM-matrix interactions [75-77]. A
good connection exists between the different material constituents of the
ref. mix 0% mPCM+S and homogeneous distribution in their matrix
with different contents of PCMs.

Samples that underwent thermal treatment via DSC (30 heating and
cooling cycles from 35 °C to 95 °C at a rate of 5 °C/min) were analysed.
The compared samples included mPCMs in its dry form, shown in
Figs. 7¢c, 7d (contrasted with its non-thermally treated counterpart) and
sample mix 14.6% mPCM+S, shown in Figs. 7e, 7f). It is observed that
the thermally untreated microcapsules exhibit a more well-defined
spherical shape. Additionally, a noticeable size variation is observed,
ranging from a few micrometres to a maximum of approximately 15 pm.
Small prismatic shapes are also observed, which are likely fragments of


https://doi.org/10.1016/j.jallcom.2022.164017

S. Franze et al.

Construction and Building Materials 520 (2026) 145989

Fig. 5. Photomicrographs taken before and after the heat treatment of dry slurry mPCMs: a) Pre-heating sample photo at 50x; polychromatic polarization (PPM)
Different colours within spheres indicate crystals with different crystallographic orientation; b) Post-heating sample photo at 50x; PPM; c) Post-heating micrograph
with oil immersion, 100x magnification. Within larger spheres polycrystalline aggregates of crystalline wax can be observed PPM; d) Idem, under plane-polarized
light. Arrows point to re-entrants on the surface of spheres; e) Post-heating sample under differential PPM imaging with oil immersion 100x; f) Detail of (e), showing
the nanocrystalline aggregates of hundreds of paraffin wax crystals within larger spheres (arrows).

paraffin wax resulting from the rupture of some capsules, (Fig. 7c). This
indicates that a limited fraction of microcapsules may already be
damaged prior to thermal cycling. Observing the comparison with the
microcapsules treated via DSC, it is evident that the spherical structure is
preserved but appears more damaged as highlighted in Fig. 7d, with the
presence of indentations and recesses in the spheres, similar to those
observed by optical microscopy, likely linked to volume variations
resulting from heating and cooling cycles [78,79].

The mortar sample containing mPCM (mix 14.6% mPCM+S) shows a
high concentration of prismatic shapes too, that can be observed on the
surface of the microcapsules in Fig. 7f, likely resulting from the further
rupture and damage of the microcapsules following the thermal cycles
performed. As depicted in Fig. 7e, here the mortar structure is clearly
observed, particularly the tabular forms of cement hydration products
such as portlandite [80]. In contrast, the spherical shapes of the mi-
crocapsules are rarely found, embedded within the cement matrix, with
those present measuring at most a few micrometres. Additionally, some
structures exhibiting anomalous curvatures are observed, which cannot

be associated with any of the previously noted formations. These are
likely remnants of broken microcapsules resulting from the thermal
cycles endured.

3.4. Thermal evaluation of cement mortar with and without mPCMs

3.4.1. Differential Scanning calorimetry (DSC) analysis of cement mortar
mixes

According to Differential Scanning calorimetry tests, the phase
change temperature (melting point) and Latent Heat (AH) of the mortar
mixes with mPCMs and single mPCM were measured. Initially, indi-
vidual heating and cooling cycles were performed at a constant rate of
5 °C/min and a temperature range from 35 °C to 95 °C. Samples of wet
and dry mPCM, ref. mix 0% mPCM+S and mortar with mPCMs were
treated. As depicted in Fig. 8a, it is immediately visible that this type of
mPCM has three main melting peaks (between 60 °C and 75 °C) and two
solidification peaks (at 64 °C and 46.5 °C). The estimated latent heats for
dry mPCMs are 196 J/g and for wet mPCMs around 65 J/g. Similar
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Fig. 6. SEM images of ref. mix 0% mPCM + S and of mix 14,6% mPCM + S, post-compressive strength tests, embedded in resin tablets. These images were taken with
an energy of 15 keV. a) Top of the ref. mix 0% mPCM + S, carried out with secondary electrons (SE); b) Top of the mix 14,6% mPCM -+ S, carried out with secondary
electrons (SE). The presence of microcapsules can only be seen in the right sample (mix 14,6% mPCM + S) with a homogeneous distribution.

multi-peak behavior has been reported for commercial paraffin-based
PCMs composed of various constituents, where distinct melting and
freezing peaks were attributed to incongruent phase change processes of
the different components, as demonstrated by dynamic DSC analyses
[81].

For wet mPCMs, peaks are observed at slightly different tempera-
tures than for dry mPCMs, especially the minor peak, which appears at
lower temperatures, both in melting and in solidification phases
(Fig. 8b). This shift can be attributed to the interaction between the
encapsulated PCM and the surrounding aqueous medium, which affects
heat transfer conditions and phase transition kinetics. Furthermore,
from the ratios of the measured latent heats, it is possible to estimate a
weight percentage of about 36% mPCM in the slurry. Ref. Mix 0%
mPCM+S, without mPCM, was also tested, which obviously shows no
peaks related to phase transitions.

Subsequently, as mentioned before, the mortar specimens with the
various concentrations of mPCMs slurry (8.0%, 10.6%, 11.9% and
14.6%) were first analysed with individual heating and cooling cycles.
Sampling was carried out in the top, middle and bottom of the sample,
once again, to see a possible change in the distribution of mPCMs within
the cement matrix. These samples also show the multiple peaks associ-
ated with the melting and solidification of mPCMs, but they do not
exactly match those observed in dry mPCMs. Similar phase change point
shifts have been attributed in the literature to interfacial interactions
between PCM molecules and the host material, where physical
confinement and surface effects influence the phase transition temper-
ature of the embedded PCM compared to its isolated form [82]. Based on
the DSC analysis curve, the melting temperatures of the mortars con-
taining mPCMs are slightly lower than mPCMs, this could indicate some
interaction between the cement mortar and the microcapsules. DSC
profiles also, measured for the same samples, but at various locations,
show latent heats of fairly comparable amounts. This indicates a rela-
tively homogeneous distribution of mPCMs within the matrix, in
agreement with the micro-Raman and SEM observations.

Finally, 30 heating and cooling cycles were performed between 30 °C
and 95 °C at 5 °C/min. The samples that were thermally cycled were the
dry and wet mPCMs, the ref. Mix 0% mPCM+S (with sealed and
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perforated capsule) and mix 14.6% mPCM+-S (in this case, the portion to
be treated was taken from the central part of the specimens). Cycles
carried out on dry microencapsulated PCM show variability in behav-
iour during the first 2-3 cycles, and then show stabilisation, as can be
observed in Fig. 8c. This initial variability is commonly associated with
the thermal conditioning of PCM systems and with the progressive sta-
bilization of phase transition mechanisms during early cycles. The
steady state behaviour shows a double melting peak, with a minor one at
around 67 °C and a major one at 75 °C, with a total latent heat of around
180 J/g (Fig. 8d). The persistence of well-defined melting peaks after
repeated cycling confirms that the PCM retains its phase change func-
tionality over the investigated thermal cycles. The peaks shown in the
figures represent melting if negative, solidification if positive.

Ref. mix 0% mPCM+S, not containing mPCM, as mentioned before,
does not show any peaks related to phase transitions (Fig. 9). The peaks
typically associated with mPCMs are absent. All samples containing
mPCMs show a certain uniformity of behaviour and the measured latent
heats show a trend that follows the relative concentrations of mPCM
used in the preparation. All specimens also show a gradual drift in the
position and width of the peaks, even if not dramatically, faster in the
first cycles and tending to stabilise in about ten cycles. Such peak drift is
indicative of minor thermal or structural rearrangements within the
PCM during repeated cycling, as reported in previous studies on ther-
mally cycled PCMs [83]. In addition, the amount of latent heat available
tends to decrease slightly with cycling, ranging from about 5-20%
depending on the samples, with higher losses for specimens containing
less mPCM. This behaviour suggests that mortars with lower PCM con-
tent may be more sensitive to relative losses of latent heat, while higher
mPCM concentrations provide a more stable thermal response over time.
As an example, DSC graphs of the sample Mix 14.6% mPCM+S are
shown in Fig. 10. The results show a certain uniformity in peaks posi-
tions, in the behaviour and in values of latent heats, calculated in rela-
tion to the concentration of mPCM added to the cement mortar. Again,
as the number of cycles increases, there is a shift from three to two peaks
in the heating phase.
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Fig. 7. SEM images of: a,b) Dry mPCM slurry (before heat-treatment); c,d) Dry mPCMs slurry (after heat-treatment); e,f) Sample mix 11,9% mPCM + S (after heat-
treatment). All samples were covered with carbon and chrome coating and all images were taken using In-Beam SE with an energy of 2 keV.

3.4.2. Thermal conductivity of cement mortar mixes

Thermal conductivity (k) is the property of a material that de-
termines its ability to transfer heat. It quantifies how efficiently heat
moves through a substance due to a temperature gradient. Thermal
conductivity of specimens was measured after 28 days of curing and
results, for the measurements of ref. mix 0% mPCM -+ S and samples
with mPCMs, are shown in Table 7. Both Thermal conductivity (k) and
Thermal Diffusivity (a) measured values acquired by TCS at room
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temperature (20°C) are reported in Table 7. Please note that the mea-
surements on the mPCM slurry were performed only by using MTPS, so
that the thermal diffusivity was not acquired.

According to the results of Thermal Conductivity Scanner (TCS) the
heat transfer rates of the mortar containing mPCMs were observed to be
lower in comparison to those without mPCMs (i.e., 0% mPCMs). The
thermal conductivity measurement indicates that the average k value of
the mortar with mPCMs is lower than that obtained from the ref. mix 0%
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Fig. 9. DSC results for the reference mix 0% mPCM + S over 30 cycles, performed at a constant heating and cooling rate of 5 °C/min, within a temperature range of

30 °Cto 95 °C.

mPCM + S sample (i.e., without mPCMs) of 2.23 W/(m-K) at room
temperature. This k decreased from 1.93 W/(m-K) to 1.48 W/(m-K) (at
room temperature) with the addition of mPCMs from 8.0% to 14.6% of
concentration, with a maximum reduction in thermal conductivity of
approximately 33.5% for the sample containing the highest concentra-
tion of mPCMs. Thermal conductivity of the mortar with mPCMs
decreased further with the increase in the mPCMs content ratio in the
mortar. This reduction can be attributed to the combined effect of the
low intrinsic thermal conductivity of the PCM phase and the increased
porosity introduced by the slurry-based incorporation of mPCMs, which
enhances the presence of air-filled voids acting as thermal insulation. It
was also observed that the k changes depending on whether the

12

measurement was taken in the bottom, side or top of the sample. This
spatial variability is attributed to local differences in pore structure and
moisture content within the mortar, since thermal conductivity in
cementitious materials is strongly governed by air-void distribution and
degree of saturation [84].

Thermal Diffusivity (@) is a material property that describes how
quickly heat spreads through a substance when exposed to a tempera-
ture gradient. It quantifies the rate at which heat diffuses within a ma-
terial, considering both its thermal conductivity and its ability to store
heat (specific heat capacity and density). With increasing mPCM con-
tent, thermal conductivity (k) decreases, while thermal diffusivity (a)
shows a more moderate reduction. The measured thermal diffusivity



S. Franze et al.

mix 14.6% mPCM + SS, 5 °C/min

Construction and Building Materials 520 (2026) 145989

a)

+ % : PRSI, Y
normalized 0,27 Jg*-1  normalized 3,13 Jg*-1 normalized 1,05 JgA-1
lized  4,07Jgr1 Onset 8036°C Onset 70,64°C Onset 47,26°C
i Py Peak 78,66 °C Peak 67,11°C Peak 44,49°C
Top Peak 65,16°C
normalized 0,46 JgA-1 ) _ + : W:
0,5 Onset 60,12°C normalized 2,80 JgA-1 normalized 0,32JgA1  hormalized 4,06 JgA-1 normalized 1,37 JgA-1
A Peak 61,84°C Onset 71,28°C Onset 79.92°C Onset 70,65°C Onset 47,00°C
Wg”-1 Peak 7227°C Peak 7833°c  Peak 67,85°C Peak a17°c
nomalized 1,41 JgA-1
Center
0,56 Jg71 © I ’
59,80 °C i A Py
Peak 61,49°C sl A : + 3 —
Peak 72,56°C normalized 0,24 JgA-1 normalized 4,01 JgA-1 normalized 1,44 JgA-1
Onset 79,65 °C Onset 70,73°C Onset 46,98°C
nomalized 1,40 Jgh-1 el SN Peak 78,00 °C Peak 67,47°C Peak 44,00°C
Bottom — e Onset 71,47 °C
Peak 64,97 °C ety Lol
normalized  -0,58 JgA-1 '
Onset 59,88°C
Peak 61,57°C
35 40 45 50 55 60 65 70 75 80 8 90 95 90 85 80 75 70 65 60 55 50 45 40 35 °C
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30min
0,15
0,10
0,05
cycle 1, cooling
0,00
cycle 30, heating
-0,051
-0,104
cycle 1, heating
-0,151
-0,20;

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98°C

mix 14.6% mPCM + SS, 5 °C/min, 30 cycles

0,5
WgA-1

cycle 30, cooling

cycle 1, cooling

Integral 17,51 mJ Integral 60,53 mJ
normalized 0,82 Jg*-1 normalized 2,84 Jg*-1 c
Onset 56,11°C \ Onset 66,06 °C
Peak 5397°C ‘ [‘ Peak 63,43°C
: gl
Integral 76,00 mJ
normalized 3,56 Jg*-1
Onset 68,03°C

Peak

cycle 30, heating

Integral 2,77 mJ

nomalized 1,40 Jg*-1
Onset 51,89°C Integral
Peak 49,40°C

cycle 1, heating

74,74mJ
normalized  -3,51 Jg*-1
Onset ,02°C

Peak

70,
M,9°C

Integral

normalized 1,66 Jg*-1
Onset 63,53°C
Peak 6533°C

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98°C

Fig. 10. DSC results for mix 14,6% mPCM -+ S. a) Comparison of results from sampling at the top, middle, and bottom of the sample, obtained through individual
heating and cooling cycles conducted at a rate of 5 °C/min, ranging from 35 °C to 95 °C; b) 30 heating and cooling cycles performed between 30 °C and 95 °C at 5 °C/

min; ¢) Detail of

the first and last cycle.

13



S. Franze et al.

Table 7

Construction and Building Materials 520 (2026) 145989

Thermal conductivity and thermal diffusivity values for mixed mortar samples and mPCMs slurry measured by TCS at 20 °C. Thermal conductivity and thermal
effusivity values of mixed mortar samples and mPCMs slurry measured by MTPS at 80 °C.

atT=20°C atT=80°C
Mix ID % PCM Thermal conductivity [W/(m*K)] Diffusivity [m2/s] Thermal conductivity [W/(m*K)] Effusivity (Wsl/ 2/mzK) -80°C
Ref. Mix 0% mPCM+S 0.00 2.23 1.20E-06 2.64 2 249.00
Mix 8.0% mPCM+S 8.00 1.93 1.073E-06 2.41 2131.70
Mix 10.6% mPCM+S 10.60 1.75 9.67E-07 2.37 2112.00
Mix 11.9% mPCM+S 11.90 1.72 9.88E-07 2.18 2012.10
Mix 14.6% mPCM+S 14.60 1.48 9.58E-07 2.01 1923.30
mPCM slurry 100.00 0.46 / 0.44 1 267.10

values (Table 7) demonstrate that despite a 33.5% reduction in thermal
conductivity at maximum mPCM loading, thermal diffusivity decreases
by only 20%.

Thermal Diffusivity (a) [m?%/s] and Thermal conductivity (k) are
strictly correlated as here expressed:

PR @

PCp
where k is the thermal conductivity [W/(m-K)], p is the density [kg/m3]
and c, is the specific heat capacity [J/(kg-K)]. This relationship indicates
that the volumetric heat capacity (p-cp) also decreases upon mPCM
addition, although to a lesser extent than thermal conductivity. The
observed disparity between the reduction rates provides valuable insight
into the microstructural changes induced by mPCM incorporation. The
pronounced decrease in k (up to 33.5%) compared to the moderate
reduction in a suggests that the concurrent decrease in bulk density
partially counterbalances the effect of reduced thermal conductivity.
The thermal mass per unit volume decreases proportionally with ther-
mal conductivity, consistent with the replacement of denser cementi-
tious matrix with lighter mPCM-containing regions and air voids.

From a thermal performance perspective, this behaviour has signif-
icant implications: while the reduced thermal conductivity enhances the
insulation properties of the material, the moderately decreased thermal
diffusivity indicates that the material retains a reasonable capacity for
thermal energy propagation. This balance is particularly advantageous
for thermal energy storage applications, where both insulation (low k)
and heat distribution (adequate o) are desirable.

Subsequently, the samples were measured with the Modified Tran-
sient Plane Source method (MTPS) technique from the Trident instru-
ment (C-Therm). Thermal conductivity of all samples and mPCM slurry
were measured at a temperature of 80 °C with this instrument, being the
only instrument that can enter inside the oven. The results are reported
in Table 7; thermal conductivity values measured by C-Term at 80°C
appear slightly higher than that measured at 20°C by TCS, but the
general trend indicate the decrease in k as the concentration of mPCM in
the cement paste increases. The higher values measured by MTPS
compared to TCS are attributed to methodological differences (sensor
geometry and contact conditions), while the consistent trend confirms
the robustness of the observed effect of mPCM addition on k.

With this instrument, it was also possible to measure Thermal Effu-
sivity (e) [Ws!/ 2/(m2~K)], also reported in Table 7:

o= ke,

Thermal Effusivity is a material property that describes its ability to
exchange heat with its surroundings. It represents the absorbing and
releasing thermal energy capacity of a material, when it is put in contact
with another surface. Accordingly, the decrease in e with increasing
mPCM content reflects a reduced ability of the composite to exchange
heat rapidly with the environment, which is consistent with the com-
bined reduction in k and p. Thanks to a container, suitable for measuring
liquid and powder samples, it was also possible to measure k and e of the
mPCM slurry, at average room temperature (of around 20 °C) and inside

3
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the owen at 80 °C, resulting respectively [k = 0.46 W/(m-K) and e
=1319,20 Ws"2/(m*K) at 20 °C] and [k = 0.44 W/(mK) and e
=1267.1 Ws'/2/(m2K) at 80 °C.

It can be observed that all these k values are higher than the data
taken at room temperature, but still respect the decreasing trend of k as
the concentration of mPCM in the cement mortar mix increases. The
only exception can be made for measurements on single mPCMs, which
at 80 °C show lower k and e values than that of 20 °C (Fig. 11). This
difference can be attributed to the temperature-dependent thermo-
physical behavior of paraffin-based PCMs, especially near or above their
phase transition range. [85] reported that changes in phase state and
density with temperature significantly affect the thermal conductivity
and related transport properties of paraffin PCMs.

4. Conclusions

This study investigated the effect of incorporating micro-
encapsulated phase change materials (mPCMs) slurry into mortars
through a complete thermo-mechanical and microstructural character-
ization of mixtures of mPCMs and mortars at different percentages. We
investigated the bulk density, compressive and flexural strength,
microstructure, latent heat, and thermal conductivity of these mixed
mortars and assessed their suitability for thermal energy storage (TES)
applications.

The main conclusions can be summarised as follows:

1. The incorporation of mPCM slurry resulted in a reduction of bulk
density of up to 11%. This behaviour is primarily attributed to the
lower intrinsic density of the microcapsules and to the additional
water introduced with the slurry, but is also influenced by increased
porosity and entrapped air, as evidenced by SEM observations;

2. Compressive strength decreased by 30 — 48% with increasing mPCM
slurry content, while flexural strength showed a similar declining
trend. Beyond water content effects, this mechanical deterioration is
associated with the presence of mPCMs as mechanically weaker in-
clusions and increased air voids, which collectively reduce the
effective load capacity of the hardened mortar;

3. SEM and micro-Raman spectroscopy analyses confirmed a homoge-
neous distribution of mPCMs within the cement matrix, with no
significant segregation effects;

4. Optical microscopy observations showed that microcapsules mainly
maintain their structural integrity after 30 thermal cycles, with no
significant damage observed, demonstrating their durability across
multiple thermal cycles;

5. DSC analysis showed that material behaviour stabilizes after the first
few iterations, with latent heat losses ranging from 5 to 20%, after 30
thermal cycles. The latent heat storage capacity of the mortars
increased proportionally with mPCM content, with a total gain in
heat capacity of about 5kJ/kg, confirming the effectiveness of
mPCM incorporation for enhancing thermal energy storage
potential.

6. Thermal conductivity decreased by up to 33.5% with increasing
mPCM content at both ambient and elevated temperatures, while
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Fig. 11. Comparison of Thermal conductivity of mixed mortar samples and mPCMs slurry at 20 °C (TCS) and 80 °C (MTPS).

thermal effusivity followed the same trend, indicating reduced heat
exchange capacity.

The findings confirm the feasibility of integrating mPCM slurry with
a phase transition temperature around 70 °C into cementitious mortars
for medium temperature thermal energy storage applications, demon-
strating their potential, despite certain challenges associated with mix
preparation. The widely available and cost-effective cement mortar
enhances the confinement of microencapsulated PCMs, preventing their
dispersion within the mixture. Additionally, its quartz-rich composition
contributes to improve thermal conductivity as it emerges by observing
thermal conductivity ranges of the mixes compared to the single mPCM
slurry.

Unfortunately, the high cost and limited commercial availability of
mPCM slurries, particularly within the desired temperature range
(~70°C), can present challenges for large-scale implementation. More-
over, the poor workability of mPCM-enhanced mortars necessitates
optimization of mix formulation via superplasticisers to achieve desir-
able handling properties. The presence of formaldehyde in the micro-
capsule shell poses potential health risks, particularly at elevated
temperatures (~100°C), where volatile emissions may occur. While
mPCMs improve TES efficiency, given the obtained increase in latent
heat, their incorporation results in lower thermal conductivity
compared to ref. mix 0% mPCM+S. This reduced conductivity slows
down the thermal charge and discharge rate, potentially affecting the
dynamic performance of the storage system in applications requiring
rapid thermal reaction. In addition, decline in compressive and flexural
strength was observed in samples with increasing mPCM concentrations,
highlighting the need for strategies to mitigate mechanical deteriora-
tion, in case TES solutions are intended for integration into building
foundations and other energy geostructures.

This study was also subjected to several limitations. The investiga-
tion was conducted on mortars rather than concrete, using a single type
of paraffin wax mPCM slurry. Mixed mortars required adjustments to
water content to maintain workability, and thermal durability was
assessed over a limited number of cycles (30). Long-term durability,
ageing effects and large-scale structural behaviour were not addressed
and should be considered in future research. Although the identified
limitations, the results highlight several positive features of the adopted
mPCM slurry system. The microcapsules exhibited good structural and
thermal stability, retaining a substantial fraction of their latent heat
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capacity after repeated heating—cooling cycles and showing no signifi-
cant segregation within the cement matrix. Their homogeneous
dispersion, combined with stable phase-change behaviour, facilitates a
measurable increase in the overall energy storage potential of the
mortar. Although the incorporation of mPCMs reduces thermal con-
ductivity, the added latent heat capacity enhances the effective thermal
inertia of the composite and contributes to a more gradual and delayed
thermal response during charging and discharging processes.

These findings corroborate that mPCM slurry with a melting range
around 70 °C can effectively improve medium-temperature TES per-
formance when embedded in cement-based materials. The widely
available and cost-effective cement mortar enhances the confinement of
microencapsulated PCMs, preventing their dispersion within the
mixture. Furthermore, its quartz-rich composition contributes to
improved thermal conductivity, as evidenced by the thermal conduc-
tivity ranges of the mixes compared to the single mPCM slurry.

Considering that the primary objectives of this study were to identify
optimal trade-offs between thermal conductivity and thermal storage
capacity, as well as to evaluate the operational behavior and structural
stability of phase change materials under repeated phase transition cy-
cles, future experimental studies could improve upon the results ob-
tained here by enhancing knowledge of the workability and stability of
mixed mPCM slurry mortars.

Other important future developments of this study could focus on the
integration of mPCM-doped mortar into TABS, analyzing its boosting
effects on thermal energy storage and peak load shifting while main-
taining sufficient mechanical strength through PCM microencapsula-
tion, taking into account the importance of careful mix design required
to balance the increased thermal inertia with potential impacts on
structural density. This evaluation should encompass the overall ther-
mal energy storage efficiency, which is dependent not only on the
properties of the storage material itself but also on heat exchanger
configuration, storage geometry, and operational strategies. Such
comprehensive analysis should be conducted at the system level to
provide a holistic understanding of mPCM performance in practical
applications also considering long-term durability and lifecycle perfor-
mance, in order to improve the thermal storage solutions.
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