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Materials with high energy storage capacity can enhance energy efficiency of buildings further than thermal
insulation alone. The use of microencapsulated paraffin wax Phase Change Materials (PCM) in cement-lime
mortars with cellulose fibres and lightweight aggregates (LWA) is a promising solution for this purpose. In
this study, experimental techniques as flux heat meters and ultrasonic pulse transmission are used to evaluate the
thermal performance and energy storage capacity of five cement-lime mortars with 20% of PCM, cellulose fibres
and LWA (perlite) under different thermal conditions. A climatic chamber was used to simulate heating and
cooling on one side of a sample plate of each mortar type, while the other side remained at lab conditions.
Sample plates were instrumented with temperature-humidity sensors, heat flux meter plates and Ultrasonic (US)
pulse transducers. US attenuation coefficient was used to identify the phase change PCM from solid to liquid and
vice versa, during heating and cooling. The Heat flux difference between both sides of the plates was also
measured during heating and cooling cycles. The specific enthalpy (energy storage capacity) of the mortars was
calculated for heating and cooling cycles. Mixtures with LWA and PCM showed the best thermal performance

achieving larger heat storage capacity than mortars with fibres or the combination of both LWA and fibres.

1. Introduction

The main characteristic of Phase Change Materials (PCM), their en-
ergy storage capacity at a certain temperature, can be useful to stabilise
temperature and to storage and to release heat, enhancing energy effi-
ciency of building enclosures [1-5]. Organic PCM, such as micro-
encapsulated paraffin wax, are the most common PCM used in
construction. They are very adaptable, commercial availability, and
have good a price in comparison with other PCMs [6]. Some authors
have already studied the thermal behaviour of PCM inside cement-based
mortars with addition of other components (fibres and Lightweight ag-
gregates - LWA), pointing out that PCM performance depends on the
type of mixture where it was included [7-12].

Among the different characterization techniques (destructive and
non-destructive) available for mortars [9,13-16], Ultrasonic pulse
transmission (US) has become a powerful non-destructive tool for con-
struction and building materials because it can be used both in the lab
and in on-site applications [16-18]. With US, some mechanical prop-
erties related to porous materials' microstructure can be assessed. US
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accuracy is affected by ultrasonic frequency which is related to the
wavelength. Besides ultrasonic pulse velocity, the raw US signal atten-
uation and the US attenuation coefficient can be used to evaluate energy
absorption [16,17].

Although several techniques can be used for thermal evaluation of
mortars [9,13,19], Differential Scanning Calorimetry (DSC) is the most
commonly used for measuring the latent heat (enthalpy) when PCM is
added [4,6,8,9]. The specific enthalpy can be obtained with DSC by
applying a constant energy (K/min) on samples of a particular weight
[20,21]. However, this test does not reflect the actual thermal perfor-
mance of PCM mortars subjected to heating and cooling due to real
climatic conditions [22,23]. There are several testing methods for
evaluating PCM mortars thermal performance, simulating different cli-
matic conditions with a climatic chamber or a thermal box [22,24-29]
or through numerical simulations [8,23,30,31]. Heat transfer can be
measured with heat flux meters while applying different climatic con-
ditions [23,26,27,29,31,32,33]. Heat Flux meter plates can measure the
heat that cross through the surface of a material over time [26,29].

This study is the last part of a research work that has been partially
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published [9,15,29]. The aim of this final part of study is to evaluate five
different cement-lime mortars with PCM and different additions such as
cellulose fibres and lightweight aggregates under different climatic
conditions. Temperature and humidity sensors, Ultrasonic Pulse trans-
ducers (250 kHz) and heat flux meter plates were placed on mortar
samples. Heating and cooling cycles inside a climatic chamber were
applied on one side of the sample simulating different climatic condi-
tions on one side, while the other remained at laboratory conditions, to
evaluate the mortar thermal performance.

2. Experimental procedure

Five different cement-lime mortars were studied. Fig. 1 presents the
decision- making criteria used to design mortar compositions: A refer-
ence cement-lime mortar was designed and afterwards modified with
cellulose fibres (F), lightweight aggregates (LWA) and 20% of PCM (in
volume of fresh mortar). The hardened mortars' properties were char-
acterized and are summarized in Table 1. Afterwards, a climatic
chamber was used to simulate different climatic conditions of heating
and cooling processes and temperature, ultrasonic pulse propagation
and heat flux evolution were evaluated.

2.1. Materials and mortars compositions

Cement-lime mortars were prepared using a white cement type BL II/
B-L 32.5 N supplied by Cementos Portland Valderrivas and designated
according to UNE-EN 197-1. An air lime class CL 90-S designated ac-
cording to the European standard (UNE-EN 459-1) was used. The size of
the siliceous sand aggregate added was 0-4 mm. A lightweight aggregate
(LWA) was used, specifically an expanded perlite (L) with a particle size
between 0 and 2 mm. Short cellulose fibres (F) of 1 mm length Fibracel®
BC-1000 (@ 20 pm), supplied by Omya Clariana S.L were also included.
Finally, a microencapsulated paraffin wax Phase Change Material (PCM)
was used. It was a microencapsulated paraffin wax Micronal® DS 5040 x
with a particle size ca. 50-300 pm, bulk density ca. 300-400 kg/m® and
a melting point of ca. 23 + 1 °C supplied by BASF Construction Chem-
icals Espana SL.

Table 1 shows the compositions of the five PCM cement-lime mortars
analyzed.

A reference cement-lime mortar was designed (C). It was calculated a
binder to aggregates ratio by volume of 1 (cement): 0.5 (lime): 4.5
(aggregate). Afterwards, 20% of Phase Change Material by fresh mortar
volume was included (Cyp). Then, dry cellulose fibres were added (1.5%
of the total fresh mortar's volume), CFyy. Another mortar with a 50%
replacement of siliceous aggregate with perlite was produced (CLgg). To
get the same workability, plastic consistency, the water to binder ratio
(w/b) was adjusted. The required values for facades rendering were
taking into account (European standard UNE-EN 998-1). Finally, a
mixture combining both fibres and perlite (CLF9o) was prepared.

The mixing process (less than 5 min) began with the mix of the dry
components (30 s). Then water was added. In all cases it lasted until a

4
PCM.,
Fig. 1. Design schema of the PCM cement-lime mortars' composition under
study.
C = Reference Mortar; PCM = Phase Change Material; F = cellulose fibres; L =

Lightweight aggregates; LF = combination of Lightweight aggregates and cellu-
lose fibres.
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homogenous mixture was obtained.
2.2. Experimental characterization techniques

Mortars were characterized both states, fresh and hardened. In order
to measure the fresh mortar consistency and following the European
standard UNE-EN 1015-3:200, the flow table test was carried out.

Several physical and mechanical hardened properties were charac-
terized on 40x40x160 mm specimens (UNE-EN 1015-11). The equip-
ment used to measure mortar strength was a Fully Automated, computer
controlled, universal strength testing machine with a load cell of 20 T,
manufactured by R.M.U Testing equipment. For thermal characteriza-
tion, 210 mm x 210 mm and 24 + 2 mm thick plate samples were
manufactured. After 24 h the samples were removed from the mold.
They were cured and tested at 28 days (21 + 3 °C and 95 + 5% RH).

The experimental set-up and testing techniques used for PCM mor-
tars characterization have been described in a previous publication [9].
Geometrical density (Dg) of the sample plates was calculated considering
the plates weight divided by the volume of each plate. Complying with
UNE-EN 1015-10, open (accessible to water) porosity (OP) was calcu-
lated. Water vapour diffusion resistance factor (VD) was determined
according to the European standard UNE-EN 1015-19. To calculate it,
the wet-up method was used. Cylindrical samples of 35 mm diameter
and 40 + 2 mm thickness and 35 mm diameter with a saturated saline
dissolution of 75%RH were used. Flexural and compressive strength
were tested at 28 days on standard 40x40x160 mm prismatic specimens
(European standard UNE-EN 1015-11).

Thermal conductivity of PCM mortars below and above PCM melting
point (As, A) and phase change enthalpies (Differential Scanning Calo-
rimetry) were calculated according to standard methods previously
described [9,20,21]. Thermal conductivity was evaluated with a ther-
mally insulated box. For the measurement, 210 x 210 x 24 £ 2 sample
plates were used. Different temperature and humidity sensors were
placed outside and inside the box and at the outer and inner and surface
of the samples. Thermal conductivity (As, A1) was calculated according
to Fourier's Law [9,13,19].

A standardized PCM characterization procedure developed under the
IEA Task 42- Annex 29 [21] was used to performed DSC measurements
using a Mettler Toledo DSC1 device. The selected temperatures were
10 °C and 28 °C with isothermal segments of 5 min between each
consecutive heating and cooling ramp, with a heating and cooling rate of
1 K/min.

The experimental set-up used for the laboratory simulation of cli-
matic conditions is presented in Fig. 2. The climatic chamber used for
the experimental set-up was a FDM C140SX (0-70 °C temperature and
10-98% of relative humidity ranges). The door of the chamber was
replaced by a 50 mm expanded polystyrene (XPS) frame, covering the
opening of the climatic chamber door completely, to produce a hori-
zontal heat flux. The mortars plates (220 x 240 x 24 + 2 mm) were
placed in a central hole in the middle of the XPS frame (Fig. 2). Several
temperatures (°C) and relative humidity (%) sensors were located
outside and inside the climatic chamber, on both sides (in and out) of the
mortar plates,

Two temperature values (15 °C and 30 °C) inside the climatic
chamber, were considered to cross over the PCM melting point on the
heating and cooling processes. The heating process began with an initial
stable condition of 15 °C and 82% relative humidity (RH), switching
afterwards the conditions to 30 °C and 33%RH. The cooling process
consisted of an initial stable condition of 30 °C and 33%RH, changing to
15 °C and 82% RH. The laboratory conditions (outside the chamber)
remained constant at 20 + 1 °C and 60% RH. Relative Humidity inside
the chamber was set to limit the water transport through sample plates.

Relative humidity (RH) was 80% and 33% respectively to minimize
the effect of mass transfer on the energy transport between both sides of
the sample plates. Laboratory conditions stayed constant at 20 + 1 °C
and 60 + 5% RH.
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Table 1
Compositions of PCM cement-lime mortars (components in kg for a batch of 1m® of mixture).

Cement CL 90-S Sand(0-4) Fibres Perlite PCM Water w/b Dary (kg/m?) Diresh (kg/m®)
(©:V) (B)
C 348 55 1403 - - - 220 0.73 1400 2264
Ca0 348 55 1403 - - 84.6 200 0.68 1357 1937
CF 348 55 1403 0.66 - 84.6 240 0.78 1440 1885
CLao 348 55 702 - 94 84.6 250 0.71 868 1562
CLFy 348 55 702 0.59 94 84.6 380 0.79 - 1561

A) 50% of volume of the siliceous aggregate was replaced by perlite.
B) Liquid water added. Sand 0-4: Humidity 5.3% also taken into account.
C) Dgry: dry density of the components of the mixture. Dg.p: fresh density of the mixtures including the addition of water.
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Fig. 2. Climatic Chamber set up for monitoring the samples at different temperature conditions.

Ultrasonic Pulse (US) 250 kHz P- and S-waves were also placed on
the outer and inner surface of the plates (Fig. 2). The signal was com-
puter recorded with an oscilloscope connected to the US device. Before
placing the ultrasonic transducers on the material samples, the trans-
mitter and receiver transducer were placed face to face to fix 0.0 transit
time in order to calibrate the US device.

The amplitude (A;;) of the raw transmitted US signal in Volts trough
the mortar samples was used to determine the attenuation coefficients of
PCM mortars (ATpcy in dB/mm), for liquid state PCM (ATy), liquid-solid
state PCM (AT;—s) and solid state PCM (ATs). ATpcy was calculated
using Eq. [16]:

ATpcy = — (20/x)(log(An/Ar) ) (€))

where A7 is the amplitude (Volts) measured when the transmitter and
receiver transmitter were placed face to face. Finally, x is the distance
between transducers, which in this test corresponds to the plate thick-
ness (24 + 2 mm). It can be highlighted that the larger the attenuation
coefficient ATpcy, the higher the US energy absorbed by the sample.

Two heat flux meter plates (Hukseflux HFPO1 with an uncertainty
degree of +3%) were placed in the centre of both sides of the sample
plates to measure the heat flux (W/m?) and a data logger (Hobo UX120)
was used for the data acquisition during the test. The enthalpy of the
sample plates was calculated according to Egs. (2), (3) and (4):

Br = Din — Do 2

Tf
Bo — / @r dT ®)

TO
h = [@o/(Dg €)]+1000 @

where @7 (in W/m?) was the heat flux difference between inside (Din)
and outside (@oy) the climatic chamber. @q (Jm?) was the accumulated
heat flux difference, considering the sample average temperature.
Finally, h is the specific enthalpy of the mortar in MJ/g obtained from
Eq. (4), where Dg (kg/m®) is the geometrical density of the plates and e
was the sample plate thickness (in mm). In all cases, a steady state at
constant temperature (T) and relative humidity (RH) was set in the
chamber, ensuring the same initial testing conditions for all mortars.

3. Experimental results
3.1. Hardened state PCM mortar properties

The five different cement-lime mortars properties (workability,
physical, mechanical and thermal) are summarizes in Table 2. Some
realtions between the compositions properties and parameters have
been exposed and discussed in a previous work [9]. Plastic consistency
was obtained for all the designed mortars.

Table 2 presents the geometric density (Dg), Open porosity (OP) and
Water vapour diffusion resistance factor (VD) of the mortar plates
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Table 2

Workability, physical, mechanical, and thermal properties of PCM cement-lime mortars.
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Workability Physical properties Mechanical properties Thermal properties

Consistency Dy OoP VD CS FS As A

mm kg/m> % MPa MPa W/mK W/mK
C 178 1985 19.56 4.13 14.33 3.36 0.23 0.21
Cao 166 1607 17.72 4.29 7.17 2.40 0.20 0.28
CFy 170 1747 16.77 3.47 5.83 2.20 0.30 0.23
CLyo 170 1287 23.33 3.62 6.0 1.79 0.29 0.18
CLFy 170 1196 23.09 3.26 5.33 2.16 0.23 0.15

prepared for this study. As expected, the reference mortar without PCM
(C) presented the highest Dy (1985 kg/mg), while CLF,, showed the
lowest, 1196 kg/mg. CFyo showed the lowest Open porosity (OP) value
(16.77%) and CLFy the highest one (23.33%). Water vapour diffusion
resistance factor (VD) varied between 3.26 (CLF5g) and 4.29 (Cqg).

Table 2 also reports the compressive (CS) and flexural (FS) strength
results. The lowest CS value was obtained for CLF5q (5.33 MPa), while C
showed the highest (14.33 MPa).

Accordingly, to a CS-III grade rendering mortar, according to the
European standard UNE-EN 998-1. all the mixtures reached the target
minimum compressive strength value of 3.5 MPa. Flexural strength re-
sults varied between 1.79 MPa for CLyo and 3.36 MPa for C.

Table 2 also shows thermal conductivity of PCM mortars when PCM
was in a solid (Ag) or liquid (A1) states, calculated when samples reached
a thermal steady state below and above PCM melting point (23 °C). Cgo
presents the lowest Ag value (0.20 W/mK) while CFyy presents the
highest one (0.30 W/mK). In can be observed that ), varied between
0.15 W/mK (CLFs0) and 0.28 W/mK (Cap).

3.2. Ultrasonic identification of PCM phase change

Fig. 3 shows the paraffin wax PCM solidification process inside a
PCM microcapsule during a cooling cycle of a mortar sample with 20%
of PCM (Cg0) [9] and the associated raw US signal (250 kHz p- and s-
wave). Initially, the liquid paraffin filled the whole capsule as the tem-
perature was above the PCM melting point (T > 23 °C, PCMy). When the
temperature began to drop, the phase change of the paraffin begun
(releasing energy), produced a mixed liquid-solid phase (T < 23 °C,
PCM]y,s). Finally, as the temperature dropped under 23 °C (PCMy), all the
paraffin changed into a solid phase.

Ultrasonic (US) monitoring was applied on the samples in order to

”
Shell
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PCM,
80
60 60
40 40
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use this non-destructive testing technique to identify the phase change
process. In the different stages of the process the same transmission time
was recorded for the voltage peak (18 ps), while the voltage amplitude
of the wave varied depending on the PCM. When PCM was in a liquid
phase, as the average temperature of the sample was above 23 °C, the
voltage peak reached 10 V. The decrease of temperature of the sample
reaching on one side of the plate 23 °C, corresponding with the PCM
phase change, the received US wave voltage peak increased up to 35 V.
Finally, as the temperature decreased below 23 °C, all the PCM reached
a solid state and the voltage peak was 70 V, corresponding to the lowest
wave attenuation. Accordingly, PCM in a liquid phase produced larger
transmitted US wave attenuation than the solid phase and the phase
change can be monitored using this non-destructive technique.

3.3. US wave attenuation coefficients of PCM mortars

Table 3 presents the attenuation coefficient of PCM mortars at a
liquid (ATy), liquid-solid (AT;—sg) and solid phase (ATs), obtained using
Eq. (1). As expected, the mixture without PCM (C) showed a linear trend
close to 1 dB/mm), decreasing slightly with temperature (AT, was 0.99
dB/mm while ATs was 0.86 dB/mm), probably due to changes in hu-
midity inside the pore microstructure of the sample.

Samples with PCM showed larger variations of ATpcy (attenuation
coefficients of PCM mortars), related not only on PCM phases but also on
the mortar composition. When PCM was in liquid state (T > 23 °C), AT,
varied between 1.33 dB/mm (CLyg) and 0.57 dB/mm (CFyg). As tem-
perature decreased (T > 23 °C), phase change began and ATpcy
decreased (US absorption decreased). CLyy showed the highest ATy g
value (1.13 dB/mm) while Cy, presented the lowest one (0.30 dB/mm).
When temperature decreased below PCM melting point, ATs decreased
regarding AT;—s. CLyg presented the highest value (1.05 dB/mm) and

80

60
40
20

0
40 60
ps -20 9 ps

Fig. 3. PCM solidification process inside a PCM microcapsule [9] and the associated raw US signal (250 kHz p- and s-wave) during a cooling cycle of a mortar sample

with 20% of PCM (Cyp).
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Table 3
Attenuation coefficient ATpcy, (attenuation coefficients of PCM mortars in dB/
mm) of 250 kHz US transmission of PCM mortars at different PCM phases.

C Cao CFa CLao CLFyq

AT, (Liquid)

(T>23°C) 0.99 0.84 0.57 1.33 1.29
ATy, s (Liquid-solid)

.92 . . 1.1 1.02

(T < 23°C) 0.9 0.30 0.46 3 0.
ATs (Solid)

(T < 23°C) 0.86 0.05 0.42 1.05 0.96

ATy Liquid: attenuation coefficients of the mortar when PCM is in liquid state (T
> 23°C).

ATps (Liquid-solid): attenuation coefficients of the mortar when PCM is
changing from liquid to solid state (T < 23 °C).

ATs (Solid): attenuation coefficients of the mortar when PCM is in solid state (T
< 23°C).

Cyo the lowest (0.05 dB/mm).

3.4. DSC enthalpy of PCM mortars

Fig. 4 presents the specific enthalpy of the five PCM mortars during
heating and cooling cycles measured with Differential Scanning Calo-
rimetry (DSC). The temperature interval was defined between 10 °C and
28 °C. The enthalpy of reference mixture C (mixture without PCM)
presented a linear dependence of temperature, as expected. The addition
of 20% of PCM exhibited slight differences between heating and cooling
cycles. However, in both cases an inflection point corresponding to the
PCM melting point was observed, located at 23 °C for heating cycles and
at 22 °C for cooling cycles [9].

Mortar composition also affected the specific enthalpy values.
Reference mortar C (without PCM) presented the lowest specific
enthalpy value (15 J/g) for 28 °C, while PCM mortars with cellulose
fibres (CFyp and CLFy) increased enthalpy up to 20 J/g, Cy reached
21.5 J/g and samples with LWA (CLyo) went up to 25 J/g. As concluded
in a preciously work [9], the enthalpy of the mixtures depends both on
PCM and on the other components added to mixtures.

3.5. Temperature and heat flux during heating and cooling cycles
Fig. 5 plots the average temperature and heat flux difference be-

tween inner and outer sides of mortar samples @r (in W/mz), during
heating and cooling cycles simulated with a climatic chamber. In all

hvsT

—— C-heating - = =C-cooling
—— C20- heating ---- C20- cooling
30 , —— CF20- heating - -~-- CF20- cooling
CL20- heating CL20- cooling
25 CLF20- heating CLF20- cooling

h(J/g)

15 16 17 18 19 20 21 22 23 24 25 26 27 28
T (°C)

Fig. 4. Cement-lime mortars enthalpy measured in DSC during heating and
cooling cycles.
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cases, the same test procedure was followed to ensure a solid or liquid
initial PCM steady state, at the beginning of each cycle respectively. For
heating cycles (PCM melting), the climatic chamber was set at 15 °C
(time = 0 s). After the steady state was reached, temperature inside the
chamber was increased up to 30 °C. For the cooling cycle (PCM solidi-
fication), the climatic chamber was set at 30 °C until the steady state was
reached and temperature was reduced to 15 °C afterwards.

During heating cycles (Fig. 5a), the reference mixture without PCM
(C) presented an average temperature lower than PCM mortars. Mortars
Ca0, CLyg and CLFy( reached PCM melting point (23 °C) between 1800s
and 2400 s, while CFy( delayed up to 3000 s. This delay can be related to
the mortar density recorded in Table 2, where C was the mixture with
the highest Dg (2376 kg/m>). As expected, the higher Dy, the longer took
the material to increase its temperature. The steady state regime was
achieved at 27 °C, although C and CFy, showed an average temperature
0.5 °C lower than the other mixtures.

Cooling cycles showed the influence of LWA on the thermal process
(Fig. 5b). Temperature evolution was similar for all samples after
reaching the solidification temperature of 21 °C [9], being CLFy, the
mixture that took more time to achieve it. Thermal insulation capacity of
LWA was behind this difference. At the end of the test, Mortar without
PCM (Cgg) recorded the lowest temperature (17 °C), 2 °C below CLy,
which was the mixture with the highest final average temperature
(19 °C).

Fig. 5c and d relate the heat flux difference @r (in W/m?) to the
average temperature (plotted in Fig. 5a and b). @r (in W/mz) corre-
sponded to the heat stored and released by the sample at each average
temperature during the heating and cooling cycle, respectively. The
main pattern followed in both processes had an initial increase of the
heat flux until maximum peak was reached and afterwards a decrease
until steady state was reached and @1 was 0 W/m?,

During heating cycles (Fig. 5d), reference mortar (C) showed the
highest peak of heat flux (151.41 W/m? at 20 °C), while CLFq( presented
the lowest (102.95 W/m? at 23 °C). It can be assumed that the largest Dg
was behind this difference. It can be observed that mortar C showed a
different behaviour than mixtures with PCM. PCM mortars exhibited a
plateau around PCM melting temperature (between 22 °C and 24 °C)
that can be assumed to correspond to the latent heat required for PCM
melting, while reference mortar did not show this plateau. In this case,
only sensible heat affected the mixture.

During cooling cycles (Fig. 5d), C was again the mixture with the
highest maximum peak (130.00 W/m? at 23.5 °C) and CLF5o showed the
lowest peak (110.05 W/m? at 25.5 °C). In this case, PCM mortars
showed again a constant heat flux value at solidification temperature
(23 °C- 21 °C [9]) corresponding to the phase change of PCM (latent
heat). Afterwards, as it occurred in the heating process, heat flux
decreased until a steady state was reached (@1 was 0 W/mz.).

4. Analysis and discussion

The experimental results pointed out that the thermal behaviour of
mortars with PCM depended not only on PCM volumetric fraction but
also on mixture composition. The US attenuation coefficient for each
mixture at different PCM states is analyzed and the mortar specific
enthalpy (capacity of mortars to absorb or release energy) at different
temperature conditions is also discussed.

4.1. Influence of mortar microstructure and PCM state on US attenuation
coefficient

Fig. 6 presents the experimental results of ATpcy at different PCM
states showed in Table 3. PCM mortar without LWA or fibres (Cgg)
showed the largest ATpcy variation. The incorporation of LWA increased
ATpcy for all the PCM states considered (liquid, liquid-solid and solid)
above 1 dB/mm. because lightweight aggregates absorbed US energy,
due to its large porosity [15], which produced mortars with larger OP
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b) Cooling
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Fig. 5. Sample average temperature (T, ) and Heat flux (Q) difference between inner and outer sample sides during heating at cooling cycles measured on

mortar samples.
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Fig. 6. Attenuation coefficient at different PCM states.

and lower Dg (Table 2). Accordingly, it can be said that the lower the
density of the mixture, the higher is the attenuation coefficient.

The relative values of ATpcy are plotted in Fig. 7, where 100% cor-
responded to ATy, in each case. The decrease of ATpcy; was related to the
liquid to solid transition and reached 30% in all cases but Cy(, where the
reduction reached 95%. As expected, the reference mortar without PCM
(C) showed a slight decrease that can be related to de water content of
the sample (it must be considered that water is also a PCM). Accordingly,
US attenuation coefficient ATpcy can be used as an indirect measure-
ment to identify PCM phase change inside a PCM cement-lime mortar.

--@--C —%—CF20
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Fig. 7. Relative attenuation values (%) related to PCM states.

4.2. Mortar specific enthalpy assessment of PCM mortars during heating
and cooling cycles

Fig. 8 presents the specific enthalpy (h) calculated using Egs. (2)-(4)
during heating (heat storage) and cooling (heat release) cycles. During
the heating cycle, from 18 °C and 27 °C, h varied between 11.4 MJ/g
(CFq0) and 15.82 MJ/g (CLyg). CLFy and Cyp showed the same enthalpy
value, 15 MJ/g. On the other hand, during the cooling cycle, from 18 °C
and 27 °C, h varied between 15.96 MJ/g (CLy() and 10.14 MJ/g (CFy).
CLFyp showed an enthalpy value at 18 °C of 15.9 MJ/g while Cyg
recorded 13.44 MJ/g.

As expected, the reference mortar without PCM (C) showed a linear
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Fig. 8. PCM cement-lime mortars enthalpy during heating and cooling cycles.

trend with temperature, which agrees with the results obtained with the
Differential Scanning Calorimetry (Fig. 4). On the other hand, PCM
mortars showed a variation on the curve slope corresponding to the PCM
melting point observed in DSC tests: 22-24.5 °C for heating and
22-19 °C for cooling (Fig. 4) [9].

As shown in Fig. 8a, the energy necessary to produce PCM phase
change in the temperature interval during heating from 22 °C to 24.5 °C
was 4.5 MJ/g for mortars CFy, Co9 and CLFy( required 5 MJ/g and CLy,
needed up to 5.5 MJ/g. Consequently, CLypo was the mixture with higher
heat storage capacity. During the cooling cycle, the specific enthalpy
necessary for PCM solidification through the temperature interval
22-19 °C was 4.5 MJ/g for CF29, 6 MJ/g for Cog, 7.5 MJ/g for CLF3 and
9.5 MJ/g for CLy.

Summarising, PCM mortar with LWA (CLyg) presented the best
thermal performance due to its largest heat storage capacity (largest
enthalpy) and thermal insulation (lowest conductivity). These results
correspond with the results obtained with the DSC measurements where
CLyo was also the mixture that presented the best specific enthalpy.

5. Conclusions

An experimental study to assess the thermal performance and energy
storage capacity of cement-lime mortars with the addition of 20% of
PCM, a perlite lightweight aggregate (LWA) and cellulose fibres during
heating and cooling cycles was presented. A physical, thermal, and
mechanical characterization was carried out on hardened mortar sam-
ples. A laboratory simulation of heating and cooling cycles using a cli-
matic chamber was conducted on mortar sample plates. Ultrasonic
pulses (US) were used to evaluate the heating-cooling processes and heat
flux and temperature was measured at both sides of the sample plate.
The main conclusions of this study were:

e The addition of 20% of PCM increased the energy storage capacity of
cement-lime mortars due to the latent heat required for phase
change. The incorporation of LWA and fibres also modified mortar's
properties, included thermal conductivity and enthalpy measured
with Differential Scanning Calorimetry (DSC).

Ultrasonic pulse attenuation was used to identify the phase change of
PCM inside the mortar during heating and cooling cycles. PCM
melting reduced US Attenuation coefficient.

The specific enthalpy of PCM mortars was evaluated measuring
temperature and heat flux on both sides of a mortar plate subjected to
heating and cooling using a climatic chamber. The experimental
results fully agree with DSC test results.

PCM cement-lime mortar with LWA (CLyg) showed the best thermal
performance during heating and cooling cycles due to its higher
specific enthalpy and its lower thermal conductivity.
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