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� High thermal energy storage and low mass are compatible in PCM-filled LWA mortars.
� The thermal energy storage increase with PCM to a certain limit and then decrease.
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� The LWA surface dry with compressed air has advantages on mechanical properties.
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Objective: An experimental evaluation on cement mortars with phase change material (PCM) incorpo-
rated via lightweight aggregate (LWA) is reported.
Materials and methods: Three groups of LWA mortars were produced: one with pre-soaked LWA and the
others with PCM-filled LWA combining two different impregnation processes and PCM dosages of 50, 75
and 100 kg/m3 corresponding to the LWA contents of 242, 354 and 481 kg/m3, respectively. Mechanical
and thermophysical properties were evaluated.
Results: The results showed that high thermal inertia and low mass are compatible in PCM-filled LWA
mortars and that the thermal response increases with the PCM to a certain limit and then decrease.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Buildings are responsible for the consumption of a significant
part of our natural energy resources. They represent around 40%
of primary energy consumption in most IEA (International Energy
Agency) countries or 32% of total commercial energy consumption
[1]. In fact, our whole society is based on a consumption model
dependent on fossil fuels. The OECD/IEA statistical data [2] indicate
that the proportion of fossil energy in the total commercial energy
consumed in the world is 81.4%, and crude oil alone represents
34.0% of this total energy. The non-fossil sources of energy are
nuclear (5.9%), hydro (2.2%), geothermal and solar (0.6%) and
renewables and waste (9.8%). These percentages show that the
combined alternatives to fossil energy represent, at present, a very
small proportion of the total consumed energy. It is necessary to
improve the energy performance of buildings through the use of
renewable energy resources such as solar thermal systems for
direct water heating and passive solutions to mitigate energy con-
sumption for space heating and cooling. Naturally, the role of the
buildinǵs envelope is crucial for the thermal performance and
can reduce their energy needs [3].

In the last few years several constructive solutions have been
proposed with the aim of improving the thermal performance of
the building envelope. Some of these solutions include the pre-
heating of ventilation air in a ventilated double window [4] or pas-
sive cooling solutions using phase change materials to increment
the building efficiency on the cooling season [5–7]. Others are
intended to improve the thermal resistance and thermal response
of the buildings envelope through the surface configuration of a
wall [8], or using microencapsulated PCM in concrete walls [9],
or embedding the PCM in porous LWA [10] or even through retrofit
solutions applied to old building walls [11]. From this set of solu-
tions, the ones that correspond to the inclusion of phase change
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Fig. 1. Grading curves of fine aggregates.
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materials help to improve the thermal performance of the building
envelope in two ways: increase in thermal capacity as a result of
latent heat of the PCM; increase of thermal resistance due to the
poor thermal conductivity of these materials. By adjusting these
parameters a response time can be set for the buildings envelope.

In the solutions that involve PCM it can be used the latent heat
associated to the phase change of the substance so as to maintain
the temperature more or less constant. In fact, the use of the latent
heat is one the better procedures for storing thermal energy. There
is a wide variety of phase change materials and applications with
direct use in buildings [12–14]. The temperature behaviour during
the phase transition is particularly useful in terms of thermal com-
fort by reducing the range of temperatures experienced within the
space. Among the suitable phase-change materials (PCMs) that
may be used for these applications, commercial paraffin waxes, a
mixture of different hydrocarbons, appear as good PCMs because
they are cheap, available for a large range of melting temperatures
(�40 to 110 �C) and also have reasonable latent-heat energy densi-
ties (50–300 kJ/kg) [15,16]. The purpose of this paper is to study
the transient behaviour of cement mortars with different dosages
of a paraffin wax incorporated via lightweight expanded clay
aggregate by immersion and using two procedures to dry the sur-
face: compressed air and oven dried.
2. Materials and methods

2.1. Materials

For the production of mortars it was used a limestone Portland cement CEM II/
B-L32.5N, according to NP EN 197-1:2001 [17]. The density obtained was 3040 kg/
m3, according to LNEC E64-1979 [18] and the loose bulk density was 1171 kg/m3,
according to NP EN 1097-3:2002 [19].

The natural aggregates have included a sand of fine grain size (NA2) and a sand
of mean grain size (NA4), both of fluvial origin. It was also used a lightweight
expanded clay aggregate commercially available and identified by the producer
as Leca S, which was sieved to reduce the maximum dimension to 4 mm and iden-
tified as LA4. The following tests were carried out for characterization of the aggre-
gates: loose bulk density according to NP EN 1097-3:2002 [19]; saturated surface
dry density (SSD) and water absorption according to NP EN 1097-6:2003 [20] and
particle size distribution according to EN 933-1:2000 [21]. Table 1 shows the phys-
ical properties of aggregates and Fig. 1 shows the solid particle size distribution.

A polycarboxylate-based superplasticizer (SP) in aqueous solution was used, in
accordance with NP EN 934-2:2009 [22], having a density of 1050 kg/m3. A paraffin
wax phase change material (PCM) was selected, presenting the following thermo-
physical properties according to the producer: change phase temperature in the
range of 19–22 �C (main peak at 20 �C), latent heat of 195 kJ/kg in a temperature
range of 13 �C and 28 �C, specific heat of 2 kJ/kg K, density at 15 �C of 880 kg/m3,
density at 70 �C of 770 kg/m3, thermal conductivity (both phases) of 0.2 W/(m K)
and a maximum operation temperature of 50 �C.
2.2. Impregnation process

The impregnation process of LA4 with paraffin wax phase-change material
(PCM) includes three phases: the determination of the minimum time to dry the
LWA, the determination of the minimum immersion time in PCM and the process
of drying the surface. Two processes of drying the surface of the LWA were
designed, observing its ease of implementation, repeatability and possible
industrialization.

The determination of the minimum drying time of LA4 was evaluated by sub-
jecting the material, under the conditions in which it was supplied, at a tempera-
ture of 100 �C in a ventilated oven until a constant mass. Readings were made
Table 1
Physical characteristics of the aggregates.

Aggregate Bulk density (kg/m3) Density (kg/m3) Water absorptiona (%)

NA2 1294 2559 0.78
NA4 1622 2610 0.68
LA4 420 970 26.15

a As a percentage of the dry mass of the specimen.
daily until the mass did not differ more than 0.1% between two consecutive mea-
surements. It was concluded that the minimum time of drying should be 72 h under
the conditions specified.

After drying, the LWA was completely immersed in PCM in sealed containers.
These containers were kept in a water bath at a temperature of 40 �C during 24,
48, 72 and 96 h. In each of those ages, a sample was taken to assess the ability of
impregnation of the LA4 by the PCM. The collected sample was placed in a sieve
to drain the paraffin for 20 min at a temperature above the melting point. Then,
the surface of the LA4 was dried by a process which was termed as ‘‘drying with
compressed air’’ (process A). In this process, compressed air was injected in a per-
sistent manner so as to remove any superficial residue of PCM. A common labora-
tory compressed air mechanism with an air blower was used for this purpose. At
the end of the process A, the density of the PCM-filled LWA and the PCM absorption
(by mass) of the material were measured.

To evaluate the presence of PCM residues on the surface of the aggregate it was
collected a portion of the sample dried with compressed air. This portion was addi-
tionally dried by rolling the aggregates on an absorbent sheet of paper, keeping the
temperature above the melting point. The average weight loss of the aggregate
sample dried with compressed air was 2.22%, to achieve the condition obtained
in the drying with absorbent paper. The difference may be due to the fact that com-
pressed air was injected at a temperature below the melting point, solidifying the
PCM in the surface. This fact may have introduced some uncertainty in deciding
the condition of the surface of the aggregate.

In view of the industrialization of the process, it was tested an alternative to the
drying with absorbent paper, which was termed as ‘‘additional oven drying’’ (pro-
cess B). In this process, another portion of the compressed air dry sample was
placed in a ventilated oven at 40 �C until the weight loss of the sample, as a percent-
age of the original mass, was comparable to that recorded in the drying with absor-
bent paper (2.22%). At this temperature, the process was very slow with a drying
time superior to 24 h, and the measurement was suspended. It was then tested at
50 �C, corresponding to the maximum operating temperature according to the pro-
ducer. At this temperature, the drying of the surface occurred on average after eight
hours. At the end of the process B, the density of the PCM-filled LWA and the PCM
absorption (by mass) of the material were measured.
Fig. 2. Immersion time vs. density after drying.
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The minimum time of immersion was evaluated using the measured densities
in processes A and B, which are shown in Fig. 2. These values leaded to the conclu-
sion that the most appropriate would be an immersion time of 72 h so as not to
unnecessarily prolong the process. For this immersion time, a density of 985.0 kg/
m3 and a PCM’s absorption of 27.92% was obtained for surface dried with com-
pressed air (process A), while for the additional drying in oven (process B) it was
obtained a density of 960.7 kg/m3 and a PCM’s absorption of 24.68%.

From the evaluation carried out, it was concluded that the aggregate surface
dried only with compressed air was more feasible if the objective was to industri-
alize the process. However, this process could leave some little residues of PCM in
the aggregate surface. Still, it was understood that these residues were negligible
and it was decided to use the aggregate without any additional drying with absor-
bent paper. The process of additional drying the aggregate surface in an ventilated
oven showed to be very slow, and also is to highlight the difficulty experienced in
this procedure to evaluate exactly when the particles of LA4 were saturated with
surface dry, since visually the surface did not significantly differ from that obtained
if dried only with compressed air.

As a result of the study conducted, it was decided to produce mortars with the
aggregate surfaces dried using the two described processes. In the process A, the
LWA was dried at 100 �C for 72 h, immersed in PCM for 72 h, drained for 20 min
and the surface dried with compressed air. In process B, it was added to process
A an additional drying in a ventilated oven for 8 h at 50 �C. Since the physical
parameters showed to be relatively close to each other in both processes of drying
the surface and considering the uncertainties associated with the measurements, it
was decided to use the average values obtained for the density and the absorption
of PCM. In consequence, it was obtained the same volume of aggregate in the mix-
tures which has enabled the comparison between those two processes. The average
density of the PCM-filled LWA used in the study was of 973 kg/m3 and the mean
PCM’s absorption (in mass) relative to the dry aggregate was of 26.36%. These val-
ues are fairly close to those obtained for the LA4 when saturated by water during
24 h of immersion and with the surface dry, i.e. a density of 970 kg/m3 and water
absorption of 26.15%. The LWA saturated with PCM has assumed the general desig-
nation of LA4-P. A distinguish between the processes of drying was made only in
the produced mortars.

In the case of saturation of LWA, with water the process was simpler. After the
drying procedure of the LA4 for 72 h, the aggregate was placed immersed in water
in a closed container. After 24 h of soaking, the material was drained and homoge-
nized. Immediately before use, it was determined the surface water content and
then proceeded with the correction of the dosages of the aggregate and the water
in the mixture to achieve the effective dosages. It were used the values of the aggre-
gate density (SSD) and water absorption in mass as presented in the characteriza-
tion of the material (Table 1), once the process was similar. The density (SSD)
was of 970 kg/m3 and the water absorption was of 26.15%. After saturation with
water the aggregate was termed as LA4-W.
2.3. Mix proportions

In a previous research, Sakulich and Bentz [10] have evaluated the mortar phase
of concretes with 50 kg/m3 of PCM incorporated via LWA, and have concluded that
this dosage was conservative and higher dosages should be considered. In the pres-
ent study it was evaluated the effect of PCM dosages of 50, 75 and 100 kg/m3, also
incorporated via LWA. Thus, three mortars were produced with PCM-filled LWA
with the surface dried by the process A (P.50-A, P.75-A and P.100-A). To evaluate
the effect of the drying process, three mortars were produced with the PCM-filled
LWA with the surface dried by process B (P.50-B, P.75-B and P.100-B). To establish
a comparative analysis of the effect of PCM on the properties of mortars, three mor-
tars were produced similar to those above but with the LWA saturated by water
instead of PCM (W.50, W.75 and W.100). Additionally, it were produced two mor-
tars only with natural aggregate and two water percentages of 14% and 16% (R.14
and R.16).

The incorporation of 50, 75 and 100 kg of PCM per cubic meter of mortar
approximately corresponds to the LA4-P contents of 240, 360 and 480 kg, respec-
tively. In the case of pre-soaked LWA (LA4-W), it was used the same masses as
for LA4-P, since both have similar density and water absorption. The mortars that
were produced had the same volumetric ratio between cement and aggregates
(C/A) of 1:3 and similar size distributions. All aggregates (natural and lightweight)
were used saturated with dry surface, so that the conversion between volume and
mass was taken from the loose bulk density of saturated surface dry aggregates. The
experimentally measured values were of 1304, 1633, 530 and 531 kg/m3 for the
NA2, NA4, LA4-W and LA4-P, respectively.

The volumetric ratios of the mortars are shown in Table 2, were the cement
was used as a reference and assumes a unitary value. In all mortars, the sum of
the volumetric ratios of aggregates corresponds to three volume units. The per-
centages of mixing water are relative to the total apparent solid volume. Except
the mortar R.16, all the others had a water percentage of 14% which leaded to
the same W/C ratio by mass. During the production, adjustments were made to
the SP dosage, so as to ensure a consistency between 160 and 180 mm in the
‘‘flow-table’’. The effective dosages by weight per cubic meter of mortar are pre-
sented in Table 3.
2.4. Test program

2.4.1. Production of specimens for testing
All the materials were measured in mass with an accuracy of not less than 0.1 g

and the mixtures carried in a conventional mortar mixer. All solid components were
placed into the mixer and mixed for 30 s at normal speed. After those 30 s, the
mixer was stopped and about 80% of the mixing water introduced. The mixer
was restarted and the mixing time lasted for six minutes at normal speed, without
interruption. After 1 min, the SP was introduced diluted in the remaining 20% of the
mixing water, without stopping the mixer. After completing the 6 min, the mixer
was stopped for two minutes and then continued for 1 min more at normal speed.
After mixing, the consistency of the mortar was evaluated by ‘‘flow-table’’ test in
accordance with EN 1015-3:1999 [23]. Then, it was evaluated the need for correc-
tions of the SP dosage so as to ensure a consistency between 160 and 180 mm and,
if so, the mixture was repeated with the new SP dosage.

For each mortar, six prisms of 40 � 40 � 160 mm3 were produced for the tests
of flexural strength, compressive strength and density. For the tests of thermal
properties, the mortars P.50-B and P.75-B were excluded and, for each one of the
remaining nine mortars, a small plate of 300 � 300 � 30 mm3 was produced. The
mortar was placed in metallic moulds, spread with a trowel and subjected to com-
paction by mechanical vibration in a vibrating table. After moulding, all samples
(prisms and plates) were protected by plastic sheeting to prevent premature loss
of water and were placed in a curing chamber at a temperature of 20 ± 2 �C and rel-
ative humidity of 90 ± 5%. The prisms remained under these conditions until
28 days age, when they were tested to evaluate mechanical properties and density.
The plates were removed from the curing chamber at the age of 28 days, the plastic
film was removed and they were kept at the laboratory temperature of 16 �C and
relative humidity of 55%, until thermal property tests were performed. Thermal
property tests were conducted approximately at the age of 2 months. Additionally,
at 28 days age, four cylindrical cores of 25 mm in diameter were extracted from
each of the reference mortar (R.14 and R.16), from which were produced discs with
the same diameter and about 3 mm thickness for testing thermal conductivity.

2.4.2. Flexural strength, compressive strength and densities
The flexural and compressive tests were performed at 28 days age according to

EN 1015-11:1999 [24]. In the tests of flexural strength, four samples were tested,
and for compressive strength eight samples were tested. The density tests of mor-
tars were performed at 28 days of age according to EN 1015-10:1999 [25], using a
minimum of ten samples.

2.4.3. Measurement of thermophysical properties
The measured quantities were the heat flux and surface temperatures. The

experimental setup is shown in Fig. 3. In the test setup, it was used a plate of
extruded polystyrene foam of 30 mm thickness, in which it was created a quadran-
gular opening of 300 � 300 mm2 to install the specimen. On both faces of the test
specimen it was placed a thermal blanket with high conductivity to fit any irregu-
larity in the surface. The isolation, the specimen and the thermal blanket were
intercalated between the heating plate and the cooling plate and all covered around
the perimeter with 100 mm of extruded polystyrene to reduce heat exchange with
the outside environment. The heat flowed downward, i.e. from the heat source at
upper temperature (above) to the heat source at lower temperature (below). Data
acquisition was made using thermocouples and heat flux sensors installed on the
faces of the thermal blanket in direct contact with the surfaces of the specimens.
On each face of the test specimen, it was installed a thermocouple type K and a heat
flux sensor. The heat flux sensors and the thermocouples were connected to a data
logger which recorded all readings at intervals of 60 s. A charge cycle and charge-
discharge cycle were applied. In the two charge cycles, the heating plate was placed
at 70 �C and the cooling plate at 10 �C. In the discharge cycle, the hot plate was
turned off, keeping the cooling plate at 10 �C.

Close to the end of the charge cycles, after stabilization of the system, it was
obtained an almost steady state condition. In this condition, the heat flux in the
upper face (Fls) should be equal to the heat flux on the bottom face (Fli), and
because of that it was used the average value of readings (Flm). The calibration of
flux sensors was made from the values of the thermal conductivity evaluated in
the laboratory using the cores extracted from the reference plates R.14 and R.16.
This calibration procedure is similar to that used in previous work [7] and follows
the ASTM C 518 [26]. Knowing the values of thermal conductivity the geometrical
characteristics of the samples and the temperature gradients obtained at the end of
the charge cycle, it was possible to calculate the heat flux (q) for the plates R.14 and
R.16. The heat flux q (W/m2) was calculated by the following equation:

q ¼ k=dðTs� TiÞ ð1Þ

where k (W/(m �C)) represents the thermal conductivity of the mortar, d (m) means
the plate thickness and Ts (�C) and Ti (�C) represent the temperature in the upper
and lower faces of the specimen, respectively. Since the reference mortars did not
differ significantly from each other, the mean heat flux value was calculated from
Eq. (1) and directly compared to the respective mean value registered in the heat flux
sensors (Flm). This allowed determining the calibration constant to apply in all mea-
surements to obtain the heat flux.



Table 2
Solid volumetric ratios and water content of mortar.

Material R.14 R.16 W.50 W.75 W.100 P.50-A/B P.75-A/B P.100-A/B

C/A vol. ratio 1:3 1:3 1:3 1:3 1:3 1:3 1:3 1:3
Cement 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
NA2 0.75 0.75 0.60 0.60 0.60 0.60 0.60 0.60
NA4 2.25 2.25 1.15 0.60 – 1.15 0.60 –
LA4-W – – 1.25 1.80 2.40 – – –
LA4-P – – – – – 1.25 1,80 2,40
Water (%) 14 16 14 14 14 14 14 14

Table 3
Effective dosages in kg per cubic meter and W/C mass ratio.

Material R.14 R.16 W.50 W.75 W.100 P.50-A/B P.75-A/B P.100-A/B

Cement 414 403 427 434 442 427 434 442
NA2 346 336 285 290 295 285 290 296
NA4 1300 1263 685 363 – 685 363 –
LA4-W – – 242 354 480 – – –
LA4-P – – – – – 242 354 481
SP 4.66 2.53 2.66 1.53 1.33 2.66 1.53 1.33
Water 198 220 204 208 211 204 208 212
W/C mass ratio 0.48 0.55 0.48 0.48 0.48 0.48 0.48 0.48

Fig. 3. Outline of the test device.

Table 4
Flexural strength, compressive strength and densities at 28 days.

Mortar Flexural strength
f, 28 (MPa)

Compressive strength
fm, 28 (MPa)

Density d
(kg/m3)

Dry density ds

(kg/m3)

R.14 7.2 (0.1) 34.2 (1.2) 2234 (10) 2089 (10)
R.16 5.8 (0.6) 26.1 (1.0) 2162 (8) 2012 (10)
W.50 5.5 (0.6) 25.5 (2.3) 1868 (47) 1680 (48)
W.75 4.5 (0.5) 19.0 (2.8) 1678 (43) 1456 (42)
W.100 4.2 (0.2) 16.2 (2.6) 1425 (13) 1180 (12)
P.50-A 5.9 (0.4) 23.9 (2.6) 1927 (42) 1788 (40)
P.75-A 5.1 (0.6) 20.1 (3.1) 1712 (48) 1584 (47)
P.100-A 4.6 (0.4) 16.4 (0.7) 1493 (20) 1364 (7)
P.50-B 5.0 (0.3) 25.5 (2.0) 1904 (34) 1759 (30)
P.75-B 4.3 (0.5) 15.7 (1.0) 1611 (41) 1474 (37)
P.100-B 3.9 (0.1) 15.0 (1.4) 1384 (8) 1266 (11)

The number between brackets signify the corresponding standard deviation.
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3. Test results and discussion

3.1. Flexural strength, compressive strength and densities

The values obtained in the flexural strength, compressive
strength and densities are shown in Table 4. In this table, the val-
ues in brackets signify the respective standard deviation of the
readings taken. In the flexural tests performed in this study, the
lower half of the cross section at mid-span was under tensile
strength. In this tensile zone, the tensile strength and adhesion of
the aggregate in the interface transition zone (ITZ) between the
aggregate and the paste play a more important role than in the
compression test. Thus, this study aimed to identify differences
associated with the process of preparing the surface of the LWA.
Fig. 4 shows the results of the flexural strength of mortar at 28 days
age. The results show that the reference mortar, which incorpo-
rated only natural aggregates, had higher flexural strength when
compared with the LWA, as expected. Comparing the LWA mortars,
it was found that the resistance decreases with increasing dosage
of LWA. In the group of mortars identified by the number 50 it
was found that the highest flexural strength was obtained for the
mortars P-A, followed by mortars W and finally mortars P-B. This
behaviour was consistent with the remaining two groups of mor-
tars (75 and 100).

It is believed that the best performance recorded in the mortar
P-A may be due to the fact that the air compressed jet removed the
paraffin from the surface pores of the LWA, favouring the mechan-
ical connection to cement paste. In the mortars of group W, the
LWA was pre-soaked in water and used with superficial water,
leading to a reduction in bonding due to a localized increase of
the W/C ratio and a more porous structure of cement paste after
water evaporation. In the case of mortars P-B, it is believed that
the drying process may have caused the migration of some paraffin
wax to the surface, filling the surface pores and impairing the
bonding between LWA and cement paste. The results obtained
from the flexural test showed that the surface drying with com-
pressed air is more favourable than that achieved in surface drying
in oven. On the other hand, the mortar with LA4 impregnated with
PCM and the surface dried with compressed air showed better
results than the mortar with LA4 pre-soaked in water.

The compressive strength test results at 28 days age for all
types of mortars are shown in Fig. 5. The performance of the differ-
ent groups of mortars reflects the same pattern as discussed in the
flexural test. The reference mortars showed the highest compres-
sive strength, and in the other mortars the compressive strength
decreases as LWA dosage increases. It was verified that the varia-
tion in each group of mortars is not very significant and could still
be observed that the surface drying with compressed air showed
slightly better in groups of 75 and 100. Thus, from the point of view
of compressive strength, it is to conclude that the process of drying
the surface with compressed air proved to be as favourable or more
favourable than the surface drying in oven.



Fig. 4. Flexural strength of mortars at 28 days.

Fig. 5. Compressive strength of mortar at 28 days.

Fig. 6. Saturated surface dry density of mortars at 28 days.

Fig. 7. Dry density of mortars at 28 days.
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The values of saturated surface dry density (d) of mortars are
shown in Fig. 6. The densities of the reference mortars were the
highest, because the reference mortars have incorporated only nat-
ural aggregates. For the LWA mortars, the density reduces as the
volume of LWA increase. When the mortars with the same LWA
content were compared, it was found that the differences were
not appreciable. Still, mortars of group P-A have recorded slightly
higher values.

Fig. 7 shows the obtained dried densities of mortars (ds). The
pattern was similar to the obtained for the saturated surface dry
density, but values were naturally lower. The difference between
the two gives an idea of the volume of existing voids, formerly
occupied by water. After drying, the reference group mortars (R)
lost on average 6.7% by weight, the mortars of group W lost
13.5%, mortars of group P-A lost 7.8% and those of group P-B lost
8.2%. The mass loss in group W was the highest and this was
mainly due to water loss within the LWA. The mortars of groups
P-A and P-B have showed a mass loss very close to each other
and slightly above the mass loss of the reference mortar. This led
to the conclusion that there was no appreciable loss of PCM
embedded in the mortar.

The study performed based on the results of the flexural
strength, compressive strength and densities, showed that both
surface drying methods were viable, but surface dried with com-
pressed air exhibits some advantages. Apart from the mechanical
advantages, the process A has still the economic and environment
advantages resulting from less time and energy consuming
compared to the process B. For these reasons, in the study of the
thermal properties the mortars P.50-B and P.75-B were excluded.
Only the mortar P.100-B was produced for comparison with the
others.
3.2. Thermophysical properties

The mean values of thermal conductivity (k) of each of the mor-
tars are shown in Table 5. Thermal conductivity was calculated
from Eq. (1) using the average of the last ten readings of the tem-
perature (Ts and Ti) and heat flux (q) recorded in the final phase of
the two charge cycles under a quasi-permanent regime. The refer-
ence mortars showed the highest thermal conductivities. The mor-
tar R.14, having less water, and therefore fewer voids and slightly
denser structure, presented a higher value than the mortar R.16. In
the LWA mortar groups, it was observed that the thermal conduc-
tivity tends to decrease as the volume of LWA increases. In general,
for the same volume of LWA, the mortars of group W showed
lower values compared to the mortars of group P. The reason for
this difference was attributed to the fact that the plates were
tested after drying in natural environment and, in consequence
of that, the pores of the mortars of group W were almost air filled,
unlike the pores of mortar from the group P which were filled with
paraffin wax.

To understand the effect of PCM on the mortar, it was particu-
larly important to consider in detail the discharge cycle, since only
in this cycle were recorded temperatures below the melting point
of the PCM, enabling to detect the contribution of latent heat of



Table 5
Average values of the 1st and 2nd charge cycle.

Mortar Average values of the two charge cycles

DT (�C) q (W/m2) k (W/(m K)) d (m) Rt (m2 K/W)

R.14 17.4 524.2 0.9487 0.0314 0.0331
R.16 19.8 436.9 0.6925 0.0313 0.0453
W.50 23.4 485.4 0.6618 0.0317 0.0479
W.75 23.0 504.8 0.6576 0.0299 0.0455
W.100 28.2 407.7 0.4469 0.0309 0.0691
P.50-A 20.1 495.1 0.7943 0.0323 0.0406
P.75-A 23.4 504.8 0.6760 0.0313 0.0462
P.100-A 25.6 427.2 0.5132 0.0307 0.0599
P.100-B 26.6 427.2 0.5064 0.0315 0.0622

Fig. 8. Temperature Ti at the end of the discharge cycle.

Fig. 9. Ti vs. time curves at PCM melting point interval.

Fig. 10. Time to obtain a Ti of 16.5 �C in the discharge cycle.
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phase change material. Table 6 presents the average values of tem-
peratures (Ts and Ti) and heat flux (q) recorded at the end of the
discharge cycle after stabilization of the system, when a quasi-
permanent regime can be assumed. The mean temperature and
heat flux values were based on the last 10 readings (last 10 min)
preceding the 300 min of discharge cycle.

Fig. 8 shows the registered values of the temperature Ti in the
cold face. The mortar groups R and W showed no significant differ-
ences in the temperature Ti. However, when examined in more
detail the group W, it was observed a slight tendency to the reduc-
tion of the temperature with the increase of LWA dosage. At the
maximum dosage of LWA, the W.100 mortar presents a value of
Ti below that of the mortar R.14. An increase in the LWA dosage
has produced an increase in the thermal resistance but, at the same
time, has reduced the thermal inertia of the material. The balance
was achieved by the mortar W.75, if compared with the average
values of group R. The mortars which have incorporated PCM
(P-A and P-B) had the highest values of surface temperature Ti,
and this may be attributed to the presence of PCM.

To assess the effect of the PCM, two analyses of the results were
made: In the first (Fig. 9), the progression of time-temperature
curves between 23 �C and 16.5 �C were assessed, assuming that
in this interval occurs the phase change of the PCM. In the second
(Fig. 10), the time delay in obtaining the temperature (Ti) of 16.5 �C
on the cold face was analysed, measured from the start of the dis-
charge cycle under equivalent test conditions. A careful analysis of
the results illustrated in Fig. 9 shows that, roughly from 20 �C,
there is an inflection in the progression of time-temperature curves
in all mortars that incorporate PCM, which clearly distinguishes
them from the other without PCM. In Fig. 10 it can be observed
the extent of the time delay between the mortars of group P and
the mortars of group W, both having the same LWA content. This
delay time increased with the dosage of PCM up to 75 kg/m3, and
then decreases when the dosage of PCM has increased to 100 kg/
m3. This decrease was less pronounced in the mortar whose sur-
face was subjected to oven drying process, compared to that just
dried with compressed air.
Table 6
Values obtained at the end of the discharge cycle.

Mortar Readings at the end of the discharge cycle

Ts (�C) Ti (�C) DT (�C) q (W/m2)

R.14 17.3 14.1 3.2 77.7
R.16 18.1 14.4 3.7 77.7
W.50 18.9 14.4 4.5 81.6
W.75 18.5 14.2 4.3 77.7
W.100 20.2 14.0 6.3 77.7
P.50-A 18.7 15.0 3.8 97.1
P.75-A 19.5 15.1 4.4 116.5
P.100-A 20.4 15.0 5.5 97.1
P.100-B 21.3 15.2 6.2 97.1
Fig. 11 presents a comparison between the mortars that incor-
porate PCM and the reference mortar R.14, all having the same
W/C ratio. In this study, the mortar R.14 assumes the zero value
at the vertical axis, which represents the delay in achieving the
temperature (Ti) of 16.5 �C at the discharge cycle. The line LA4 rep-
resents the delay time difference between the mortars of the group
W and the mortar R.14, and reflects the effect of adding successive
LA4 from 0 to 481 kg/m3. The line identified as PCM represents the
delay time difference between the mortars of group P and group W,
and reflects the effect of successive increments of PCM from 0 to
100 kg/m3. Finally, the line LA4+P represents the delay time differ-
ence between the mortars of group P and the mortar R.14, and cor-
responds to the simultaneous effects of adding successive LA4 and
PCM. The comparison of these data with those of dry density



Fig. 11. Time delay in the discharge cycle.
Fig. 13. Ts vs. time at the PCM melting point interval.
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(Table 4) and of thermal resistances (Table 5) led to hypothesize
that the effect of increased thermal inertia, achieved with the
introduction of PCM, was partially impaired by the inherent
increase in the LWA dosage, which produces the opposite effect
of reducing thermal inertia. It was observed that the balance
between the two variables (PCM and LWA) starts its downward
trend from the PCM dosage of 75 kg/m3, which corresponds to a
LWA dosage of 354 kg/m3.

In the energy balance in buildings, there are other aspects
involved beyond the thermal energy storage capacity which cannot
be neglected, namely the increase in thermal resistance and the
reduction of density, both achieved with the introduction of
LWA. Comparing with the reference mortar (R.14) with the same
W/C ratio, the mortar P.75 has increased thermal resistance from
0.033 to 0.046 m2 K/W (40%), has reduced the dry density from
2089 to 1584 kg/m3 (24%) and has increased the thermal response
(time delay in achieving a certain temperature) in 64 min (37%).

Fig. 12 shows the temperatures (Ts) in the upper surface of the
plates. It was observed an increase in the temperature when den-
sity decreased, i.e., when the thermal resistance increases. When
the groups 50, 75 and 100 were analysed, it was observed that
the mortars with PCM have presented always an equivalent or
slightly higher temperature (Ts) in the upper surface, compared
to those of group W. The results did not reveal a significant effect
of the presence of PCM except in the mortar P.100-B. It was dis-
cussed above that in the process B the LWA has PCM residues in
the surface, while in process A the PCM is located more inside
the pores of the LWA. In view of that, it was supposed that the
PCM in the mortar P.100-B reached the melting temperature ear-
lier than in the remaining mortars.
Fig. 12. Temperature Ts at the end of the discharge cycle.
Fig. 13 shows time-temperature curves on the upper face of the
plates, obtained at the end of the discharge cycle. Among those
with PCM, only the mortar P.50-A reached a temperature of 20 �C
and for insufficient time to detect any inflexion in the time-tem-
perature curve. It was admitted that phase change temperature
has not been reached in all the cross section of the plates for
enough time, so as to detect a significant effect of the PCM.

4. Conclusions

From the present study, the following conclusions can be
drawn:

(1) The partial replacement of natural aggregates by LWA of
expanded clay reduces the flexural strength of mortars and
this reduction is higher as higher the LWA dosage. For the
same dosage of LWA, the flexural strength is not impaired
by the use of PCM-filled LWA with the surface dry with
compressed air if compared to the water pre-soaked LWA,
but the opposite can occurs if it is used the PCM-filled
LWA with the surface dry in oven. The process of surface
drying with compressed air is more favourable than that
obtained with the process of surface drying in oven, from
the standpoint of flexural strength.

(2) The partial replacement of natural aggregates by LWA of
expanded clay reduces the compressive strength of mortars
and this reduction is higher as higher the LWA dosage. Mix-
tures with the same dosage of LWA have similar compres-
sive strengths when using PCM-filled LWA with the
surface dry with compressed air, PCM-filled LWA with the
surface dry in oven or water pre-soaked LWA. Still, those
dry with compressed air can be slightly higher for PCM dos-
ages of 75 and 100 kg/m3. The process of surface drying with
compressed air is as favourable or more favourable than that
of surface drying in oven, in the point of view of compressive
strength.

(3) The mass loss after drying to constant weight of previous
water saturated mortars with water pre-soaked LWA is
higher than that of mortars with PCM-filled LWA or with
natural aggregate, and this mass loss is attributed mainly
to the loss of water inside the LWA. The mass loss after dry-
ing at 50 �C to constant weight of PCM-filled LWA is similar
to those mortars with natural aggregates only, which means
that the loss of PCM can be assumed as residual.

(4) In dry condition, the mortars with natural aggregate have
higher thermal conductivity than that with partial replace-
ment by LWA of expanded clay, and this difference is higher
as higher is the LWA dosage. For the same dosage of LWA,
the mortars with water pre-soaked LWA have a lower
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thermal conductivity compared to the mortars with PCM-
filled LWA, and this difference is attributed to the fact, that
after drying, the pores of the mortars with pre-soaked
LWA are partially filled by air, unlike the mortars with
PCM-filled LWA, which pores are partially filled with PCM.

(5) For mortars tested in dry condition, there is a trend towards
reduction in the thermal response (time delay in achieving a
certain temperature) of the mortar with the increase in the
dosage of pre-soaked LWA. Increasing the dosage of LWA
increases thermal resistance of mortars but, at the same
time, it reduces the thermal inertia of the material. For the
same dosage of LWA, the mortars with PCM-filled LWA con-
sistently showed higher values of the thermal inertia com-
pared to the mortar without PCM and this fact is
attributed to the presence of PCM. The thermal inertia
increases with increasing dosage of PCM up to 75 kg/m3,
and decreases slightly when the dosage increases to
100 kg/m3. The effect of increased thermal inertia achieved
with the introduction of PCM is partly impaired by the loss
of this same thermal inertia as a result of the consequent
increase in the LWA.

(6) Comparing with a mortar of natural aggregates with the
same W/C ratio, the mortar with 75 kg/m3 of PCM-filled
LWA and surface dry with compressed air has reduced the
compressive strength from 34 to 20 MPa (41%), has reduced
the flexural strength from 7.2 to 5.1 MPa (29%), has
increased thermal resistance from 0.033 to 0.046 m2 K/W
(40%), has reduced the dry density from 2089 to 1584 kg/
m3 (24%) and has increased the thermal response in
64 min (37%).
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