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Concretes with a high thermal energy storage capacity were fabricated by mixing microencapsulated
phase change materials (MPCM) into Portland cement concrete (PCC) and geopolymer concrete (GPC).
The effect of MPCM on thermal performance and compressive strength of PCC and GPC were investigated.
It was found that the replacement of sand by MPCM resulted in lower thermal conductivity and higher
thermal energy storage, while the specific heat capacity of concrete remained practically stable when
the phase change material (PCM) was in the liquid or solid phase. Furthermore, the thermal conductivity
of GPC as function of MPCM concentration was reduced at a higher rate than that of PCC. The power con-
sumption needed to stabilize a simulated indoor temperature of 23 �C was reduced after the addition of
MPCM. GPC exhibited better energy saving properties than PCC at the same conditions.
A significant loss in compressive strength was observed due to the addition of MPCM to concrete.

However, the compressive strength still satisfies the mechanical European regulation (EN 206-1, com-
pressive strength class C20/25) for concrete applications. Finally, MPCM-concrete provided a good ther-
mal stability after subjecting the samples to 100 thermal cycles at high heating/cooling rates.
� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The total energy consumption is dramatically increasing all over
the world. Much of the energy demand can be attributed to build-
ing energy consumption, and a significant proportion of this energy
is for heating and cooling purposes [1]. Improved construction
techniques and enhanced material technology can greatly reduce
the energy consumption needed to keep a comfortable indoor tem-
perature. Thermal energy storage systems, including sensible heat
storage and latent heat storage materials, can be used to conserve
and save energy [2–6]. Sensible heat storage materials store energy
by raising the temperature of the storage materials such as con-
crete, rock, or steel. For latent heat storage materials, also known
as phase change materials (PCM), the thermal energy is stored dur-
ing the phase change of the materials (e.g. melting, evaporating, or
crystallization). Unlike sensible heat storage, latent heat storage
systems are capable of storing energy with higher storage density
at an almost constant temperature, which is referred to as the
phase transition temperature of the materials. This makes latent
heat storage materials more attractive than sensible heat storage
materials for improving thermal comfort and reducing the energy
consumption for heating/cooling purposes.

The capability to store or release thermal energy from PCM
strongly depends on the heat storage capacity, thermal conductiv-
ity, the melting temperature of the PCM, and the outdoor environ-
ment that it is exposed to. Building materials, especially concrete
based materials, with a high volume and surface area exposed to
the indoor environment, as well as a high mechanical strength
are potential candidates for integration with PCM. Furthermore,
concrete provide the possibility to alter both thermal and mechan-
ical properties of the PCM-materials. The incorporation of PCM into
concrete can significantly improve the thermal energy storage
capacity of building structures around the melting range of PCM
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Nomenclature

Cp specific heat capacity, J/kg �C
Q total energy consumption, kW h/m2

T temperature, �C
t time, s
m mass, kg
u heat flux, W/m2

k thermal conductivity, W/m �C
q density, kg/m3

e concentration, wt.%
DH latent heat, J/g

Subscripts/superscripts
s saturated mass
d dry mass
b buoyant mass
S solid state
L liquid state
init initial time of process
end final time of process
top top heat exchanger
bottom bottom heat exchanger
ave average
H heating
C cooling
MPCM microencapsulated phase change materials
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[7–9]. Therefore, the development of smart building materials with
the direct addition of PCM could reduce the energy consumption
for heating/cooling systems. However, interaction with surround-
ing materials and low heat transfer coefficients limit the direct
application of PCM. In order to overcome these problems, microen-
capsulation may be utilized for incorporation of PCM into small
polymeric capsules [10–13]. This provides not only an extremely
high heat transfer area, but also prevents the leakage of PCM and
interactions with the building structure. Microencapsulated phase
change materials (MPCM) are therefore able to support PCM for
utilization as thermal storage materials in building applications
and energy storage systems [14–19]. Concrete-based materials
with high thermal properties and high mechanical strength are
potential candidates for MPCM integration. Concrete materials
provide the possibility to alter both thermal and mechanical prop-
erties of the MPCM-concrete. The integration of MPCM in concrete
is therefore a good strategy of passive building technology to
reduce the energy consumption.

Portland cement concrete (PCC) is the most utilized concrete for
applications utilizing microencapsulated phase change materials
[15–17]. PCC has several advantageous properties, such as high
thermal conductivity, high specific heat capacity, high density,
and high mechanical strength. However, PCC exhibits a negative
effect on the environment due to the emission of carbon dioxide
(CO2) during the production of cement [20]. In comparison to
PCC, geopolymer concrete (GPC) not only exhibits corresponding
advantageous properties as PCC, but also higher initial strength,
small drying shrinkage, high fire resistance, superior acid resis-
tance and shorter setting time [21]. The geopolymer binder is syn-
thesized by alkali activation of aluminosilicate materials in
amorphous form, which are produced from industrial waste mate-
rials. Geopolymer is therefore more environmentally friendly and
cheaper than Portland cement [22,23]. The use of geopolymer con-
crete can significantly reduce the amount of CO2 emission from the
cement industry, the primary driver of global warming. Accord-
ingly, geopolymer is a very interesting alternative to Portland
cement as a binder for concrete. However, the thermal properties
of geopolymer concrete containing MPCM have not been reported
previously. Researchers utilizing MPCM have mostly utilized stan-
dard concrete recipes, which are more readily available for Port-
land cement. In addition, problems with short setting times of
GPC [21,24], can be worsened whenMPCM is added to the mixture.
The comparison between Portland cement concrete and geopoly-
mer concrete with the addition of MPCM is therefore very
interesting.

While the integration of MPCM in concrete can improve
the thermal energy storage capacity of the building structure,
it also reduces the mechanical strength of concrete [9,15]. A
good knowledge of the effect of microcapsules on the thermal
and mechanical properties of concrete therefore plays an
important role to optimize the efficiency of passive house
construction.

In this article, the integration of MPCM into Portland and
geopolymer concretes was investigated, respectively. The micro-
capsules have a shell of low density polyethylene (LDPE) and
ethylvinylacetate (EVA) copolymer, and a core of paraffin
Rubitherm�RT27, abbreviated LDPE-EVA/RT27. RT27 is selected
as the PCM material due to the high latent heat (100 J/g), a melting
point around 27 �C (which is suitable for achieving good tempera-
ture control in warm climates), and the lack of chemical interac-
tions with the alkaline solution and the surrounding
environment [25]. In addition, it will not corrode metal reinforce-
ments within concrete structures. The effect of MPCM content on
the thermal performance and mechanical properties (compressive
strength) of PCC and GPC were investigated. MPCM were
added by replacing the same volume percentage of sand,
utilizing concentrations up to 3.2 and 2.7 wt.% for PCC and GPC,
respectively. The comparative analysis between PCC and GPC was
given special attention, since previous knowledge within this field
is limited.
2. Experimental

2.1. Materials

The microencapsulated phase change materials (MPCM) were
made by a spray drying process [25]. The MPCM are composed of
a paraffin Rubitherm�RT27 core coated with the LDPE-EVA (low
density polyethylene (LDPE) and ethylvinylacetate (EVA) copoly-
mer) shell [25].

MPCM were integrated into two different types of concrete;
Portland cement concrete (PCC) and geopolymer concrete (GPC)
at various concentrations. Tables 1 and 2 present the composition
of PCC and GPC mixtures. The MPCM replaced the same volume
percentage of sand, and the MPCM concentration in total solid
weight of concrete was calculated. PCC samples were fabricated
with 0 wt.%, 0.8 wt.%, 1.6 wt.%, and 3.2 wt.% of incorporated MPCM
(Table 1). For GPC (Table 2), the concentration of MPCM was 0 wt.
%, 0.7 wt.%, 1.3 wt.%, and 2.7 wt.%. Higher amounts of MPCM
resulted in too low workability of the concretes to produce usable
samples. The dimensions of the samples were 20 � 20 � 2.53 cm
for the thermal test and 10 � 10 � 10 cm for the compressive
strength test. According to the mechanical regulations, the



Table 1
Composition of Portland cement concretes (PCCxa).

Sample MPCM (wt.%) Cement (g) Water (g) Admixture (g) Sand (g) Aggregate (g) MPCM (g)

PCC0 0 434 192 5.6 1057 705 0
PCC0.8 0.8 434 192 5.6 1004.2 705 18
PCC1.6 1.6 434 192 5.6 951.3 705 36
PCC3.2 3.2 434 192 5.6 845.6 705 72

a x is the concentration (wt.%) of MPCM in the concrete.

Table 2
Composition of geopolymer concretes (GPCxa).

Sample MPCM (wt.%) Alkaline solution (g) Water (g) FAb (g) GGBFSc (g) Sand (g) Aggregate (g) MPCM (g)

GPC0 0 161.6 56.4 242.6 161.4 893.1 868.6 0
GPC0.7 0.7 161.6 56.4 242.6 161.4 848.6 868.6 15
GPC1.3 1.3 161.6 56.4 242.6 161.4 803.8 868.6 30
GPC2.7 2.7 161.6 56.4 242.6 161.4 714.5 868.6 60

a x is the concentration (wt.%) of MPCM in the concrete.
b FA: Flyash.
c GGBFS: Ground granulated blast-furnace slag.
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MPCM-concrete samples were fully cured in water at room tem-
perature for 28 days. For the thermal test, the fully cured samples
were dried in an oven at 40 �C until the sample weight remained
unchanged.

2.2. Scanning electron microscopy

The surface morphology and the structure of the microcapsules
and MPCM-concrete were obtained by using scanning electron
microscopy (SEM) (Quanta FEG-250 and Quanta FEI-200).

2.3. Size distribution of MPCM

The size distribution of MPCM were determined by Low Angel
Laser Light Scattering (LALLS) laser diffraction using a Malvern
Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK)
equipped with a Scirocco 2000 unit for analyzing dispersions of
the particles in air.

2.4. Density and porosity

The density of MPCM-concrete samples were determined using
EN 12390-7 [26]:

q ¼ md

V
ð1Þ

where q is the dry density of the MPCM-concrete, md is oven-dried
weight and V is the volume of the sample.

The porosity test was done based on ASTM C1202-12, which has
been used by other researchers [27,28]. The samples were oven-
dried at 105 �C until a constant weight was achieved. It was previ-
ously confirmed by thermogravimetric analysis (TGA) that the
microcapsules were completely stable at temperatures lower than
150 �C [29]. The samples were cooled down to room temperature
before recording the oven dried mass md. Afterwards, the samples
were immersed in water at room temperature until the weight of
sample in water remains constant, and the buoyant mass of the
saturated samples in water mb were recorded. Finally, the satu-
rated sample was moved out of water, the surplus water wiped
from the surface, and the saturated sample in air ms was recorded.
The open porosity of MPCM-concrete samples can be calculated
by:

Open Porosity ð%Þ ¼ ms �md

ms �mb
� 100 ð2Þ
2.5. Thermal properties

The guarded hot plates method, which is well suited for con-
crete samples, was utilized in order to characterize the thermal
performance of the MPCM-concrete samples [16,30]. This method
allows recording of temperature variations and heat fluxes
exchanged through the sample during the testing process. The
guarded hot plates system is presented in Fig. 1.

The thermal system includes two aluminum plate heat
exchangers connected to thermal regulated baths that define the
thermal conditions. The MPCM-concrete sample was sandwiched
between two aluminum plate heat exchangers. A 40 mm thick
polyethylene expanded foam (PEF) is used to form an insulated
cover around the sample. This insulated cover will minimize the
heat transfer from the lateral side face of the sample into the sur-
rounding environment. Accordingly, the heat transfer through the
MPCM-concrete sample can be calculated assuming one-
dimensional thermal condition. Heat flux sensors (Captecv, France)
and K-type thermocouples (TC Ltd., UK) were inserted on both
sides of the sample to measure the temperature variations and
heat fluxes through sample during testing processes. All sensors
were connected to a multichannel multimeter (LR8410-20 Hioki,
Japan) to record the data.

With the guarded hot plates system, the thermal properties of
MPCM-concrete such as the thermal conductivity, its temperature
in liquid and solid state for PCM, the specific heat capacity and the
latent heat can be determined. Furthermore, it is possible to inves-
tigate the thermal performance of MPCM-concrete such as the
thermal stability, and power consumption to stabilize the indoor
temperature.
2.5.1. Thermal conductivity
The thermal conductivity of the MPCM-concrete samples was

determined at temperatures below and above melting range of
MPCM (20–32 �C) [29]. They are denoted solid thermal conductiv-
ity, kS (below melting point) and liquid thermal conductivity, kL
(above melting point). Both aluminum plate heat exchangers were
first kept at a constant temperature Tinit until the heat fluxes were
constant (thermal steady-state condition). Then, a temperature
variation was imposed on the top aluminum plate heat exchanger
from Tinit to Tend and kept at Tend while the other aluminum plate
heat exchanger was kept at Tinit until a thermal steady state was
reached. After reaching the thermal steady state condition, the
average temperature on the top (Ttop) and bottom (Tbottom) faces



Fig. 1. (a) The guarded hot plates system and (b) sketch of the cross-section of system.
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of the block and the average heat fluxes (uave) on both faces were
recorded for thermal conductivity (k) calculation via the following
relationship:

k ¼ uaved
AðTtop � TbottomÞ ð3Þ

where A and d are the area and the thickness of the MPCM-concrete
block, respectively. In these experiments the dimension of the con-
crete samples were A = 400 cm2 and d = 2.53 ± 0.02 cm.

For solid thermal conductivity, Tinit and Tend are set at 5 and
10 �C, respectively. While values of Tinit and Tend of 45 and 50 �C
are set to calculate the liquid thermal conductivity of MPCM-
concrete.

2.5.2. Specific heat capacity/latent heat
The latent heat and the specific heat capacity (Eq. (4)) of the

MPCMS-concrete sample were measured by the same testing sys-
tem. The MPCM-concrete sample is initially isothermal at Tinit.
Afterwards, it was heated by raising the temperature of both alu-
minum plate heat exchangers from Tinit to Tend by using oil thermo-
static baths and at a heating rate of 10 �C/h. In this experiment, Tinit
and Tend were set equal to 5 �C and 45 �C, respectively. The average
heat fluxes (uave) and temperature on both faces of MPCM-
concrete sample (Ttop and Tbottom) during the test is determined
via heat flux sensors and thermocouples, respectively. The solid
specific heat capacity, Cp-solid (below melting range) and the liquid
specific heat capacity, Cp-liquid (above melting range) were esti-
mated in the temperature range of 10–15 �C and 35–40 �C,
respectively.

Cp ¼ Auave

m dT
dt

ð4Þ

where Cp is specific heat capacity, m is the mass of sample.
Paraffin Rubitherm�RT27 has a melting point of about 27 �C.

However, since it is of an industrial standard, it is melting over a
temperature range. Therefore, the latent heat was calculated over
the range 10–35 �C to ensure that the whole melting temperature
range is covered. A long as the whole melting point area of the
paraffin is included in the temperature range the calculated latent
heat is not affected by the utilized temperature range. OriginPro
9.0 R1 was employed to calculate the latent heat.

2.6. Energy saving aspect

The thermal system was employed to investigate the effect of
MPCM on potential energy saving aspects. The appropriate tem-
perature profiles were imposed on the two sides of the sample to
simulate the indoor and outdoor temperature. First, both alu-
minum plate heat exchangers were set to 23 �C until reaching a
thermal steady-state condition. Then, the temperature of the bot-
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tom aluminum plate heat exchanger (the simulated outdoor tem-
perature, Toutdoor) was varied in the sequence: 23–20–32–20 �C at
a rate of 1 �C/h. The simulated indoor temperature (top aluminum
plate heat exchanger, Tindoor) was set stable at 23 �C throughout the
experiment. The temperature and heat fluxes on both surfaces of
the sample were recorded to measure heat losses towards the sim-
ulated indoor environment during the testing process (Fig. 2). The
total heat losses or the energy supplied for heating/cooling of the
system to maintain the simulated indoor temperature at 23 �C
can be calculated by:

Q ¼
R tend
tini

juindoor jdt
3600 � 103 ð5Þ

where uindoor is the heat flux on the simulated indoor side of the
sample, tini and tend are the initial time and end time of the thermal
cycle.

2.7. Thermal stability

The MPCM-concrete samples were subjected to 100 identical
thermal cycles to investigate their thermal stability. In order to
accelerate the thermal cycling effect, each thermal cycle was set
by linearly increasing the temperature from 20 �C to 32 �C for
30 min, followed by a linear decrease from 32 �C to 20 �C for the
same period of time. Subsequently, the MPCM-concrete samples
were subjected to the energy saving aspect process described
above to investigate the thermal stability of samples. For this test,
only the samples with the highest concentration of MPCM (PCC3.2
and GPC2.7) were tested.

2.8. Compressive strength test

The mechanical properties of the MPCM-concrete were ana-
lyzed by using an Alpha 3–3000 system (Form + Test Seidner&Co.
GmbH) based on EN 12390-3. The measurement was conducted
for samples without MPCM (PCC0 and GPC0) and samples at the
highest amount of MPCM (PCC3.2 and GPC2.7) before and after
subjecting the samples to 100 thermal cycles, in order to investi-
gate the effect of MPCM and thermal stability on the mechanical
compressive strength of MPCM-concrete.
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Fig. 2. Heat flux on the simulated indoor side (uindoor) and temperatures on the
simulated indoor surface (Tindoor surface) and on the simulated outdoor surface
(Toutdoor surface) of the sample versus time during a thermal cycle test. The
total energy consumption for heating/cooling the system to maintain a stable
simulated indoor temperature includes the energy used for heating (QH)
when Tindoor surface > Toutdoor surface; and the energy used for cooling (QC) when
Tindoor surface < Toutdoor surface.
3. Results and discussion

3.1. Size distribution

Fig. 3a shows a SEM image of the microcapsules. The diameters
of the single microcapsules are in the range of 3–10 lm. However,
it is clear that the microcapsules have a strong tendency to form
agglomerated structures. This observation is in good agreement
with the size distribution of the microcapsules (Fig. 3b). The vol-
ume average size distribution shows that the microcapsules have
a diameter in the range between 10 and 1000 lm. The median
value of the microcapsules diameter at 60% in the cumulative dis-
tribution (D60) is 240 lm. The agglomerated microcapsule size is
smaller than the size of sand (D60 = 1000 lm). The difference
between the size distribution of agglomerated microcapsules and
sand may alter the physical properties of the concrete samples.
3.2. MPCM-concrete density and porosity

SEM images (Fig. 4) present the microstructure of PCC0, PCC3.2,
GPC0 and GPC2.7. For both types of concrete, the SEM images show
no clear difference between the concrete matrix before and after
addition of MPCM. This suggests that MPCM with components of
low chemical reactivity (LDPE-EVA shell and paraffin core) does
not have an obvious reaction with the concrete binder (cement
hydration and geopolymerization process) at the current condi-
tions. In addition, Fig. 4b and d illustrates that there are noticeable
gaps between MPCM and both types of concrete matrix. These can
cause a higher porosity in MPCM-concrete, which may influence
the thermal properties and mechanical strength of MPCM-
concrete.

Fig. 5 shows the MPCM-concrete density and open porosity.
MPCM has the same effect on density and open porosity of both
type of concrete. When the concentration of MPCM is raised, the
density of MPCM-concrete decreases and the open porosity
increases. This is consistent with previous studies of other
MPCM-concretes [9,15]. The density decrease at higher concentra-
tions can be explained by the replacement of sand byMPCM, which
has a lower density. In addition, the increase of the porosity of the
samples will also cause a density decrease.

The higher porosity of MPCM-concrete when the concentration
of microcapsules is raised indicates that the addition of microcap-
sules plays an important role on the porosity of concrete. Three
effects may affect the porosity of concrete when MPCM is included.
The small size (3–10 lm) of single microcapsules can fill the cavity
between aggregates, leading to improved particle packing density
and decrease the porosity (first effect) [31–33]. On the other hand,
the hydrophobic nature of LDPE-EVA/RT27 may cause an opposite
effect. When microcapsules are added to concrete, they have a ten-
dency to repel water, and air may adhere to the microcapsule lead-
ing to a higher porosity in concrete mixtures (second effect)
[34,35]. The third possible effect is due to the smaller size of the
microcapsule agglomerates compared to sand particles (Fig. 3).
The surface area of microcapsules is much higher than that of sand
for a unit replacement volume, resulting in an increase of the bin-
der paste and water demand to cover the entire surface of the par-
ticles. Because the water content was kept constant for all samples
in this study, more voids between particles (aggregates and micro-
capsules) might be formed [31]. This results in higher porosity of
the concrete. A balance of these three effects governs the porosity
of the concrete. Norvell et al. [33] demonstrated that the addition
of BASF Mironal

�
microcapsules with an average diameter of 5 lm

to cement mortal increased the packing density, resulting in the
reduction of the porosity. However, he also revealed that the filling
effect was significantly reduced for particle sizes larger than
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125 lm. This is in good agreement with Moosberg-Bustnes et al.
[36] who studied the effect of average quartz size on the compres-
sive strength of concrete. According to SEM images and MPCM size
distribution (Fig. 3), MPCM has a tendency to form agglomerated
structures with larger sizes (D60 = 240 lm). The agglomeration of
the microcapsules is due to non-encapsulated PCM outside the
microcapsules [29]. The large size of the agglomerates reduces
the ability of the MPCM to fill up cavities and increase the tendency
to entrap air on their surface and in their structure. Consequently,
the second and third effects are probably the dominant effects,
resulting in an increase of the porosity of the concrete. The result
of these effects is the obvious gap between concrete matrix and
microcapsules in the SEM images (Fig. 4). Similar observations
were also found previously [15,37,38].

According to Fig. 5, PCC has higher density and lower porosity
than GPC for all samples. Furthermore, the porosity of GPC
increases at a higher rate than that of PCC when raising the concen-
tration of MPCM. As can be seen from Fig. 5b, the porosity
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increases with concentration at a rate of 1.1 for GPC and 0.6 for
PCC. The reason for this is unclear, as several effects may come into
play. The effect of MPCM on the particle packing density might be
different between GPC and PCC due to the different binders. The
compatibility between the microcapsule shell and the binder is
not necessarily the same for the two systems. In addition, GPC
has a much lower workability and shorter setting time than PCC.
The lower workability of GPC could increase the probability of
forming entrapped air voids during the mixing and pouring
process.

3.3. Thermal properties

The thermal conductivity of MPCM-concrete is an important
parameter for thermal energy storage applications. The heat fluxes
and the measured temperatures on both sides of the MPCM-
concrete when the paraffin Rubitherm�RT27 is in solid and in liq-
uid state are shown in Fig. 6. The value of the temperature differ-
ence and the average value of the heat fluxes during a steady
state were used to determine the apparent thermal conductivity
of the MPCM-concrete via Eq. (3). The apparent thermal conductiv-
ity of MPCM-concrete in liquid and solid PCM state is summarized
in Fig. 7.

According to Fig. 7, the thermal conductivity of MPCM-concrete
decreases with the concentration of microcapsules. The addition of
MPCM causes the reduction of thermal conductivity of the concrete
due to the lower thermal conductivity of the microcapsules com-
pared to that of replaced sand and also the porosity increase. The
thermal conductivity of the paraffin Rubitherm�RT27 and polymer
LDPE/EVA shell are approximately 0.2 W/m �C and 0.13–0.34 W/m
�C [39], respectively, while the average thermal conductivity of
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the corresponding change in porosity (Fig. 5b), as air pockets will
decrease the thermal conductivity.

The specific heat capacity of the PCC samples in the region
5–45 �C is shown in Fig. 8. In order to determine the specific heat
capacity of samples containing PCM in solid and liquid state, the
average value of specific heat capacity from 10 to 15 �C (below
the melting range of PCM) and from 35 to 40 �C (above melting
range of PCM) were employed. The specific heat capacity in both
states is summarized in Fig. 9a.

The results show that the specific heat capacity of MPCM-
concrete is nearly the same when the PCM is in solid or liquid state,
although the specific heat capacity of microcapsules (determined
by differential scanning calorimetry) is higher in solid state
(Cp-solid = 3050 J/kg �C) than in liquid state (Cp-liquid = 2740 J/kg
�C). This is possibly due to low microcapsule concentrations, which
are too small to significantly affect the values of the specific heat
capacity of the concrete samples. This observation is in good
agreement with Joulin et al. [17]. Interestingly, the specific heat
capacity is not changed when the concentration of MPCM is
increased from 0 to 3.2 and 2.7 wt.% for PCC and GPC, respectively.
This observation is different from Joulin et al. [17], who found
that the specific heat capacity of MPCM-mortar increased with
microcapsule concentration due to the higher specific heat capac-
ity of microcapsule compared to mortar. The smaller microcapsule
concentrations applied compared to that of Jourlin’s (14 wt.%) is
probably reason for this difference. The low concentrations of
microcapsules utilized in the current study may be too small to
significantly increase the specific heat capacity of the concrete.

The latent heat of the samples was determined within the tem-
perature range of 10–35 �C and is presented in Fig. 9b. The latent
heat exhibits a linear increase with respect to the microcapsule
concentration. However, the latent heat of PCC increases at slightly
higher rate than that of GPC (0.72 for PCC and 0.60 for GPC), as can
be seen in Fig. 9b. This can be attributed to the different porosity of
GPC and PCC.
3.4. Energy saving aspect

In order to investigate the influence of microcapsules on reduc-
ing energy consumption for heating and cooling systems, the
indoor and outdoor temperatures were simulated utilizing the
thermal analysis system. The samples were subjected to a simu-
lated outdoor thermal cycle where the temperature was changed
from 23–20–32–20 �C at a rate of 1 �C/h. The total duration of this
heating-cooling cycle was 27 h. The simulated indoor temperature
was set at 23 �C throughout the experiment.
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Fig. 8. The specific heat capacity of PCC at different concentrations of MPCM.
The total heat losses towards the indoor environment can be
calculated by integration of the heat flux on the simulated indoor
side of the sample (Fig. 10). This calculated energy corresponds
to the energy consumed by the heating/cooling system to stabilize
the simulated indoor temperature at 23 �C. According to Fig. 10a,
the heat flux as function of time is a straight line without any obvi-
ous transition point from MPCM addition. This deviates from pre-
vious studies [15,16,38] where a transition point was found around
the melting point of paraffin. When the paraffin is completely
melted, the effect of the latent heat process ends, causing a steeper
increase of the indoor surface temperature and the indoor heat
flux. This should cause a transition point on the heat flux curve
[16]. The lower microcapsule concentrations (3.2 wt.% for PCC
and 2.7 wt.% for GPC) applied here compared to that of Borreguero
(10–15 wt.%) [38] or Cui (5–20 wt.%) [16] is probably reason for
this difference. This observation is in good agreement with Hunger
et al. [15] who reported that there was no clear transition point
until adding 5 wt.% of MPCM to concrete. The calculated energy
consumption using Eq. (5) for a thermal cycle is shown in Fig. 10b.

According to Fig. 10, the addition of MPCM significantly
improves the thermal performance of concrete in terms of saving
energy. There is no significant difference in energy consumption
between PCC and GPC in the absence of MPCM. However, the
energy consumption decreases from 2.82 ± 0.10 kW h/m2 (without
MPCM) to 2.51 ± 0.03 kW h/m2 (3.2 wt.% MPCM) for PCC and from
2.74 ± 0.13 kW h/m2 (without MPCM) to 2.32 ± 0.03 kW h/m2

(2.7 wt.% MPCM) for GPC after adding microcapsules. Accordingly,
energy consumption for heating and cooling to maintain the indoor
temperature can be reduced up to 11% for PCC (3.2 wt.% MPCM)
and 15% for GPC (2.7 wt.% MPCM), compared to the samples with-
out MPCM. The results reveal that in addition to the energy storage
capacity of MPCM, the increase of thermal insulation (thermal con-
ductivity reduction) plays an important role in the energy saving
mechanism at the studied conditions. The improved properties of
GPC containing MPCM compared to PCC is probably due to the for-
mation of a structure with more insulating pores when MPCM is
added to GPC.

Comparing the open porosity (Fig. 5b) with the thermal conduc-
tivity (Fig. 7), the latent heat (Fig. 9b), and the power consumption
(Fig. 10b), it is evident that the enhanced porosity plays a vital role
for the thermal properties of these samples. Addition of MPCM
causes a higher porosity increase for GPC than for to PCC. The air
pores provides an enhanced thermal insulation effect. Accordingly,
GPC experience a stronger decrease in thermal conductivity, a
lower increase in latent heat, and a higher energy saving efficiency.
Adding MPCM to GPC causes a higher energy saving efficiency than
for PCC (Fig. 10b) even though the latent heat increases more for
PCC (Fig. 9b). It is therefore clear that for reducing the power con-
sumption of these samples, the thermal insulation effect of the air
voids is more important than the increased latent heat from the
MPCM.

3.5. Thermal stability

The heat fluxes on the indoor side of MPCM-concrete before and
after subjecting the samples to 100 thermal cycles are shown in
Fig. 11. The results show that there is no detectable change in
the energy consumption after subjecting the samples to 100 ther-
mal cycles. Accordingly, MPCM-concrete possesses a good thermal
stability over 100 accelerated melting/solidification cycles.

3.6. Compressive strength

Results of the compressive strength measurement are pre-
sented in Fig. 12. The results show that increasing the amount of
MPCM causes significantly lower compressive strengths. This is
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probably because MPCM is a material with low mechanical
strength and stiffness and can be easily broken under compressive
force [9,15,39]. Furthermore, the higher porosity after adding
MPCM can contribute to the reduction the compressive strength
of MPCM-concrete. In addition, the compressive strength of PCC
and GPC decreases by 42% and 51% after adding 3.2 wt.% of MPCM
to PCC and 2.7 wt.% of MPCM to GPC, respectively. This indicates
that the compressive strength of GPC decreases at higher rate than
that of PCC, although a smaller amount of MPCM is added to GPC
than PCC. This might be caused by the higher porosity increase
of the GPC samples.

Additionally, the gaps between concrete matrix and microcap-
sules (Fig. 4) reveal a poor interface between microcapsules and
the concrete matrix. This leads to an increase of the thermal con-
tact resistance and weakens the mechanical strength of concrete.
In order to solve this negative effect, Zhang et al. [41] modified
the surface of the microcapsules to improve the compatibility
between the microcapsules and mortal matrix, thus improving
the compressive strength of the MPCM-mortar. Future work could
focus on improving microcapsules with low tendency of agglomer-
ation, high compatibility to the concrete matrix and strong
mechanical properties.

It is also important to point out that although the loss of com-
pressive strength of concrete is significant after adding microcap-
sules, the compressive strength of GPC2.7 (45.3 ± 0.8 MPa) and
PCC3.2 (34.1 ± 0.4 MPa) confirms to the mechanical European reg-
ulation (EN 206-1, compressive strength class C20/25) for concrete
for building construction. An optimal system should contain
as many microcapsules as possible (to improve the thermal
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performance), while still satisfying the European regulation for
compressive strength. Unfortunately, further increasing the MPCM
concentrations causes a too low workability of the concretes to
produce usable samples.

Fig. 12 also shows that the compressive strength of MPCM-
concrete is the same (within the experimental errors) before and
after exposing the samples to 100 thermal cycles. This illustrates
that the MPCM-concrete can experience temperature changes
around the melting point of paraffin many times without changing
the properties. A higher number of thermal cycles will be tested in
the future to obtain more information about thermal cycling resis-
tance of MPCM-concrete.
4. Conclusion

Materials with high thermal energy storage capacity were fab-
ricated by direct mixing of microencapsulated phase change mate-
rials (MPCM) to Portland cement concrete (PCC) and geopolymer
concrete (GPC). The addition of MPCM strongly affects the thermal
performance and compressive strength of PCC and GPC. Raising the
amount of microcapsules reduces the thermal conductivity and
increases the latent heat of concrete. Interestingly, the replacement
of sand by microcapsules did not change the specific heat capacity
of concrete. Furthermore, the addition of microcapsules caused an
increase of the porosity of the concrete. Microcapsules were found
to have a stronger effect on GPC than on PCC, causing a higher
porosity increase of GPC compared to PCC (slopes of 1.1 for GPC
and 0.6 for PCC). The enhanced porosity is probably the reason
for the higher thermal conductivity reduction rate of GPC (0.12)
compared to PCC (0.09).

The increase in latent heat and the decrease in thermal conduc-
tivity could significantly improve the thermal performance of con-
crete building materials in terms of saving energy. The power
consumption for stabilizing the indoor temperature at 23 �C may
save up to 11% (PCC) and 15% (GPC) after adding 3.2 wt.% MPCM
to PCC and 2.7 wt.% MPCM to GPC. This indicates that the thermal
insulation effect play an important role on the energy saving in
building applications.

Unfortunately, the addition of microcapsules resulted in a sig-
nificant loss of concrete compressive strength. After adding
3.2 wt.% of microcapsules, the compressive strength of PCC
decreased around 42%. For GPC, the reduction of compressive
strength is higher than that of PCC. It is approximately 51% after
integrating 2.7 wt.% of microcapsules. The loss of compressive
strength may be ascribed to low mechanical strength of microcap-
sules and the enhanced porosity. Although the loss of compressive
strength is significant, the compressive strength of MPCM-concrete
satisfies the demand of mechanical properties for structural appli-
cations. It is therefore, possible to increase the amount of micro-
capsules to improve the thermal performance and still satisfy the
demand of mechanical properties for structural applications. In
addition, the agglomeration of microcapsules may reduce the abil-
ity of the microcapsules to fill in cavities in the concrete matrix,
leading to higher porosity of the concrete. Improved microcapsules
with reduced tendency for agglomerations and good mechanical
properties would be interesting for further studies.
Acknowledgement

We gratefully acknowledge funding from the Research Council
of Norway, project number 238198. The authors gratefully
acknowledge Rino Nilsen, Trond Atle Drøbak at Østfold University
College and Van Thi Ai Nguyen for their assistance with laboratory
work.
References

[1] Allcott H, Greenstone M. Is there an energy efficiency gap? J Econ Perspect
2012;26:3–28.

[2] Khan Z, Khan Z, Ghafoor A. A review of performance enhancement of PCM
based latent heat storage system within the context of materials, thermal
stability and compatibility. Energy Convers Manage 2016;115.

[3] Khan Z, Khan Z, Tabeshf K. Parametric investigations to enhance thermal
performance of paraffin through a novel geometrical configuration of shell and
tube latent thermal storage system. Energy Convers Manage
2016;127:355–65.

[4] Dincer I, Rosen MA. Thermal energy storage systems and applications. 2nd
ed. A John Wiley and Sons Ltd; 2011.

[5] Urschitz G, Walter H, Brier J. Experimental investigation on bimetallic tube
compositions for the use in latent heat thermal energy storage units. Energy
Convers Manage 2016;125:368–78.

[6] Abedin AH, Rosen MA. A critical review of thermochemical energy storage
systems. Open Renew Energy J 2011;4:42–6.

[7] de Gracia A, Cabeza LF. Phase change materials and thermal energy storage for
buildings. Energy Build 2015;103:414–9.

[8] da Cunha JP, Eames P. Thermal energy storage for low and medium
temperature applications using phase change materials – a review. Appl
Energy 2016;177:227–38.

[9] Fenollera María, Míguez José Luis, Goicoechea Itziar, Lorenzo Jaime, Ángel
Álvarez Miguel. The influence of phase change materials on the properties of
self-compacting concrete. Materials 2013;6:3530–46.

[10] Han P, Qiu X, Lu L, Pan L. Fabrication and characterization of a new enhanced
hybrid shell microPCM for thermal energy storage. Energy Convers Manage
2016;126:673–85.

[11] Jamekhorshid A, Sadrameli SM, Farid M. A review of microencapsulation
methods of phase change materials (PCMs) as a thermal energy storage (TES)
medium. Renew Sustain Energy Rev 2014;31:531–42.

[12] Tyagi VV, Kaushik SC, Tyagi SK, Akiyama T. Development of phase change
materials based microencapsulated technology for buildings: a review. Renew
Sustain Energy Rev 2011;15:1373–91.

[13] Zhu Y, Liang S, Wang H, Zhang K, Jia X, Tian C, et al. Morphological control and
thermal properties of nanoencapsulated n-octadecane phase change material
with organosilica shell materials. Energy Convers Manage 2016;119:151–62.

[14] Buscombe A, Wu M. A review of PCM’s thermal performance within
lightweight construction. Int J Eng Pract Res (IJEPR) 2013;2:174–7.

[15] Hunger M, Entrop AG, Mandilaras I, Brouwers HJH, Founti M. The behavior of
self-compacting concrete containing micro-encapsulated phase change
materials. Cement Concrete Compos 2009;31:731–43.

[16] Cui H, Liao W, Mi X, Lo TY, Chen D. Study on functional and mechanical
properties of cement mortar with graphite-modified microencapsulated
phase-change materials. Energy Build 2015;105:273–84.

[17] Joulin A, Zalewski L, Lassue S, Naji H. Experimental investigation of thermal
characteristics of a mortar with or without a micro-encapsulated phase
change material. Appl Therm Eng 2014;66:171–80.

[18] Shadnia R, Zhang L, Li P. Experimental study of geopolymer mortar with
incorporated PCM. Constr Build Mater 2015;84:95–102.

[19] Thiele AM, Jamet A, Sant G, Pilon L. Annual energy analysis of concrete
containing phase change materials for building envelopes. Energy Convers
Manage 2015;103:374–86.

[20] Benhelal E, Zahedi G, Shamsaei E, Bahadori A. Global strategies and potentials
to curb CO2 emissions in cement industry. J Clean Prod 2013;51:142–61.

[21] Rajini B, Rao AVN. Mechanical properties of geopolymer concrete with fly ash
and GGBC as source materials. Int J Innov Res Sci Eng Technol
2014;3:15944–53.

[22] Duxson P, Fernandez-Jimenez A, Provis JL, Lukey GC, Palomo A, van Deventer
JSJ. Geopolymer technology: the current state of the art. J Mater Sci
2007;42:2917–33.

[23] Zuhua Z, Xiao Y, Huajun Z, Yue C. Role of water in the synthesis of calcined
kaolin-based geopolymer. Appl Clay Sci 2009;43:218–23.

[24] Neupane K. Investigation on modulus of elasticity of powder-activated
geopolymer concrete. Int J Struct Eng 2016;7:262–78.

[25] Borreguero AM, Valverde JL, Rodríguez JF, Barber AH, Cubillo JJ, Carmona M.
Synthesis and characterization of microcapsules containing Rubitherm� RT27
obtained by spray drying. Chem Eng J 2011;166:384–90.

[26] Standard BS EN 12390-7. Testing hardened concrete. Part 7: Density of
hardened concrete; 2009.

[27] Liu MYJ, Alengaram UJ, Jumaat MZ, Mo KH. Evaluation of thermal conductivity,
mechanical and transportproperties of lightweight aggregate foamed
geopolymer concrete. Energy Build 2014;72:238–45.

[28] Safiuddin M, Hearn N. Comparison of ASTM saturation techniques for
measuring the permeable porosity of concrete. Cem Concr Res
2005;35:1008–13.

[29] Cao VD, Salas-Bringas C, Schüller RB, Szczotok AM, Hiorth M, Rodriguez JF,
et al. Rheological properties and thermal performance of suspensions of
microcapsules containing phase change materials Submitted for publication;
2016.

[30] Tittelein P, Gibout S, Franquet E, Johannes K, Zalewski L, Kuznik F, et al.
Simulation of the thermal and energy behaviour of a composite material
containing encapsulated-PCM: influence of the thermodynamical modelling.
Appl Energy 2015;140:269–74.

http://refhub.elsevier.com/S0196-8904(16)31070-6/h0005
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0005
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0010
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0010
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0010
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0015
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0015
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0015
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0015
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0020
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0020
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0025
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0025
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0025
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0030
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0030
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0035
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0035
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0040
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0040
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0040
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0045
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0045
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0045
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0050
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0050
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0050
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0055
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0055
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0055
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0060
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0060
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0060
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0065
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0065
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0065
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0070
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0070
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0075
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0075
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0075
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0080
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0080
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0080
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0085
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0085
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0085
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0090
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0090
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0095
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0095
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0095
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0100
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0100
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0100
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0105
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0105
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0105
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0110
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0110
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0110
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0115
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0115
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0120
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0120
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0125
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0125
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0125
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0125
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0135
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0135
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0135
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0140
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0140
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0140
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0150
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0150
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0150
http://refhub.elsevier.com/S0196-8904(16)31070-6/h0150


66 V.D. Cao et al. / Energy Conversion and Management 133 (2017) 56–66
[31] Mucteba U, Kemalettin Y. Effect of mineral admixtures on properties of self-
compacting concrete. Cement Concr Compos 2011;33:771–6.

[32] Nikbin IM, Beygi MHA, Kazemi MT, Vaseghi Amiri J, Rabbanifar S, Rahmani E,
et al. A comprehensive investigation into the effect of water to cement ratio
and powder content on mechanical properties of self-compacting concrete.
Constr Build Mater 2014;57:69–80.

[33] Norvell C, Sailor DJ, Dusicka P. The effect of microencapsulated phase-change
material on the compressive strength of structural concrete. J Green Build
2013;8:116–24.

[34] Fedroff D, Ahmad S, Savas B. Mechanical properties of concrete with ground
waste tire rubber. Transport Res Board 1996;1532:66–72.

[35] Khatib ZK, Bayomy FM. Rubberized Portland cement concrete. J Mater Civil
Eng 1999;11:206–13.

[36] Moosberg-Bustnes H, Lagerblad B, Forssberg E. The function of fillers in
concrete. Mater Struct 2004;37:74–81.
[37] Dehdezi Pejman Keikhaei, Hall Matthew R, Dawson Andrew R, Casey Sean P.
Thermal, mechanical and microstructural analysis of concrete containing
microencapsulated phase change materials. Int J Pavement Eng 2012:449–62.

[38] Borreguero AM, Serrano A, Garrido I, Rodríguez JF, Carmona M. Polymeric-
SiO2-PCMs for improving the thermal properties of gypsum applied in energy
efficient buildings. Energy Convers Manage 2014;87:138–44.

[39] Borreguero AM, Garrido I, Valverdea JL, Rodríguez JF, Carmona M.
Development of smart gypsum composites by incorporating
thermoregulating microcapsules. Energy Build 2014;76:631–9.

[40] Ukrainczyk N, Kurajica S, Šipušić J. Thermophysical comparison of five
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