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a b s t r a c t
The study presented in this paper focuses on an experimental investigation of the speciﬁc heat capacity as a
function of the temperature Cp (T) of concrete mixed with various amounts of phase change material (PCM).
The tested specimens are prepared by directly mixing concrete and microencapsulated PCM. This paper describes
the development of the new material and the experimental set-up to determine the speciﬁc heat capacity of the
PCM concrete material. Moreover, various methods are proposed and compared to calculate the speciﬁc heat
capacity of the PCM concrete. Finally, it is hoped that this work can be used as an inspiration and guidance to
perform measurements on the various composite materials containing PCM.
© 2013 Published by Elsevier Ltd.

1. Introduction
The thermal properties of a phase change material (PCM) reﬂect its
abilities to absorb and release signiﬁcant amounts of thermal energy in
speciﬁc temperature ranges, also called melting/solidiﬁcation ranges or
temperature transition ranges. The middle of this range holds the melting temperature point, which characterizes the temperature for the best
utilization of a particular PCM. This melting temperature point may differ from PCM to PCM, but for PCM application in buildings it is most
beneﬁcial when it lies in the indoor thermal comfort range [1]. PCMs
reﬂect sensible heat storage capacity and latent heat storage capacity.
The sensible heat storage reﬂects the temperature increase of the heated medium caused by the received heat. The temperature increase can
be registered, and so the stored heat in the medium is called sensible
heat. If heat is stored as latent heat, a phase change of the storage material occurs, and during the phase transition the temperature of the
medium is relatively constant. In PCMs, the sensible heat is stored
for temperatures below and above the phase transition range. In this
paper, the speciﬁc heat capacity refers to both the latent and sensible
heat capacity of PCM.
The combination of the high latent heat capacity of PCM and the high
density of heavy weight concrete could result in a new technology for
storing heat and in energy savings for heating and cooling of buildings,
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but only on the condition that such a material would be sufﬁciently
exposed to convective and radiative heat transfer [2,3]. Moreover, the
high heat storage capacity of a building helps decrease peaks of the
indoor temperature and, at the same time, helps move these peaks to
the hours when the building is either not in use or when the electricity
tariffs are cheaper. As a result, ﬁnancial beneﬁts and energy saving
should be observed both regarding the energy use for cooling and
heating.
What is more, if the thermal mass is activated only by the indoor
temperature ﬂuctuation and no external driving power is used, then
activation of the thermal mass should be treated as a passive technology
[4].
The research on the use of PCMs in buildings is rather extensive and
has been reviewed and gathered by Zalba and Marin and Zhu et al. [5,6].
However, for building application the majority of studies are focused
on integrating PCMs in lightweight materials, such as plasters or porous
light weight aggregates [7–9], and little attention is given to heavy
materials such as concretes.
On the other hand, extensive research has been done on the thermal
properties of various pure PCMs. As stated in Reference [10], the
methods available to determine thermal properties, such as heat of
fusion, latent heat and melting point of PCM materials can be classiﬁed
into three groups: conventional calorimetry methods, differential
thermal analysis (DTA) and differential scanning calorimetry (DSC)
methods. The listed methods are well-developed, but the samples tested have to be homogeneous and of a very small size (1–10 mg). These
limitations might lead to differences in thermal properties between
the tested samples and the bulk materials used in practice. Another
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method, the T-history method, has been proposed in Reference [10].
This method has been improved later in References [11,12]. The Thistory method proposed in Reference [10] has the following advantages: a large sample size of organic, inorganic, encapsulated or composed PCM which can be measured, ranges of heating and cooling
rates and temperatures are sufﬁciently large for various PCM applications, the instrumentation and ﬁnally the experimental set-up is simple
and inexpensive. Still, although all the methods are well-developed,
they share the same shortcomings: the sample tested has to be homogeneous. Therefore, none of them are applicable for determining the
speciﬁc heat capacity as a function of temperature Cp (T) of such a
material as concrete mixed with microencapsulated PCM, due to the
inhomogeneity of the material.
The development of the technique for microencapsulation of parafﬁn, which allows direct integration into building materials such as concrete or plaster, is a relatively new technology that has not received
much attention yet. Although investigations on full-scale performance
of PCM concrete set-ups are being carried out [13,14], there is almost
no research available on determining the thermal and physical properties of concrete and microencapsulated PCM mixtures. The research
presented by Hunger and Entrop [15] takes into account the challenge
of measuring the speciﬁc heat capacity of self-compacting PCM concrete. However, the proposed calculation method simpliﬁes the problem, and the experimental set-up disregards the inﬂuence of the
surrounding temperature on the heat transfer within the sample. Both
problems will be discussed further in Sections 3.2 and 4 of this paper.
The PCM type used in the experiments presented here is the
commercially available powder, Micronal type DS5040X with a melting
temperature of 23 °C. The parafﬁn in the microencapsulated PCM is
enclosed in droplets measuring approximately 5 μm in diameter. The
droplet shell is made of a resistant acrylic polymer. This way, the parafﬁn has no direct contact with the material matrix in which it is incorporated. What is more, as long as the polymer shell remains sealed there is
no risk of liquid parafﬁn leaking into the matrix holder or even out of the
material matrix. Moreover, the parafﬁn enclosed in the polymeric shells
can melt and solidify without any destructive inﬂuence to the material.
The correct design of a building with integrated PCM concrete materials requires a correct knowledge of the thermal properties of the PCM
concrete material. For example, the single data points, the phase change
enthalpy at the melting temperature or the heat of fusion does not
describe the PCM properties with sufﬁcient accuracy to perform dynamic
simulations of a room or a whole building containing PCM concrete. The
phase change occurs at a certain temperature range and not at a constant
temperature level. Therefore, the speciﬁc heat capacity of this type of
material has to be known as a function of temperature.
Since the investigated material matrix is always in the solid state,
measurements of the thermal conductivity can be performed according
to standardized steady-state procedures, e.g. with a hot plate or a hot
box apparatus. However, the challenge is to deﬁne the speciﬁc heat
capacity of the PCM concrete, which as mentioned before has to be
known as a function of temperature. The speciﬁc heat capacity of
the PCM concrete cannot be measured with conventional transient
methods listed previously in this section, because the representative
samples of concrete materials are too big and inhomogeneous. For
example, the sample of a few milligrammes normally tested by the
DSC method is not representative for concrete materials. Therefore, a
new method for measuring the speciﬁc heat capacity of PCM concrete
applied in bulk materials is developed and presented in this paper.
Firstly, the paper presents the preparation procedure of the 0, 1, 4
and 6% (by weight) PCM concrete samples. Secondly, the assumptions
and methodology of the experimental set-up and its design are described in order to calculate the speciﬁc heat capacity of PCM concrete
specimens. Afterwards, four various methods to calculate the speciﬁc
heat capacity as a function of temperature of the PCM concrete are
presented. Each method is discussed, and the obtained results are compared. The paper is ﬁnalised with a discussion on the obtained results
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and conclusions regarding the measurements of thermal properties
of PCM concretes.
2. Methodology
As stated in References [12,15,16], the specimens with PCM have to
be of a substantial size in order to represent the bulk material used
in practice. The PCM concrete specimens investigated in the research
presented in this paper contain aggregate particles of sizes up to
8 mm. This means that in case of concrete materials it is the aggregate
size that determines whether or not a sample is representative. Concrete samples of only a few milligrammes have to be considered as
inhomogeneous materials ﬁrstly and secondly as non-representative
samples, and therefore neither the DTA nor DSC method can be used.
Even the T-history method that allows measuring bigger cylindrical
samples is not applicable. The T-history method was proposed by
Zhang [10] to determine the enthalpy and the speciﬁc heat of the
phase change from the solid to the liquid phase of PCM. In the method,
the temperature evolution of the PCM sample and a reference sample
when cooled against an ambient temperature is compared. The reference sample should be a material of well-deﬁned thermal properties.
It is important that the investigated sample and the reference sample
are in the same container (usually of a cylindrical shape) so the heat
transfer coefﬁcients in both cases can be considered the same. Firstly,
in order to treat a concrete sample as semi-homogeneous, the diameter
of this cylindrical sample would have to be at least a couple of
centimetres. Secondly, in order to fulﬁl the criterion of Biot number
(Bi) b 0.1, the sample would have to be quite long. This makes the
set-up unfeasible. The form for Bi is presented in Eq. (1).
Bið¼ hR=2 kÞ

ð1Þ

where:
R
k
h

Radius of the cylinder [m]
Thermal conductivity of the PCM [W/(mK)]
Natural convective heat transfer coefﬁcient of air outside the
cylinder [W/(m2K)].

If Bi is less than 0.1, the temperature distribution can be considered
uniform, and a lumped capacitance method can be used. Consequently,
if the diameter of the sample was smaller, the measured temperature at
the vertical axis of the cylinder would be highly inﬂuenced by the distribution of the aggregate. Nevertheless, if a sample is tested by the DSC
method or any other method in order to deﬁne the speciﬁc heat capacity
of the material, focus has to be put on the accurate temperature and
heat ﬂow measurements. To ensure reliable results, it is also crucial
to correctly prepare samples of representative dimensions in order
to overcome the challenge of inhomogeneity. Moreover, the measured
samples have to be exposed to a dynamic temperature load and the
heat ﬂux delivered to the sample and the temperature of the samples
have to be registered in due time.
This section will present a new experimental method for determining the speciﬁc heat capacity as a function of temperature of inhomogeneous concrete materials with PCM. The experimental set-up consists
of a modiﬁed hot plate apparatus and specially prepared concrete
specimens with PCM. Moreover, this section will elaborate on the preparation of the PCM concrete design mixture and the sample casting procedure. This section also includes the thermal properties of the used
microencapsulated PCM and other concrete additives. In addition, a
scanning electron microscope (SEM) investigation of the casted PCM
concrete samples will be presented in order to ensure that microcapsules with PCM are not destroyed during the mixing process and to
see if the capsule distribution in the concrete is uniform. Furthermore,
a detailed preparation of the specimens for the dynamic experiment
will be described and explained later in this section, including the
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thermocouples insertion methodology, its validation, the heat ﬂux
sensor location, and ﬂux sensor dimensioning procedures. Finally, the
whole set-up of the specimens in the modiﬁed hot plate apparatus and
the dynamic experiment mode will be presented and elucidated.

the lower plates from 18 °C to 32 °C over a period of 10 h after which
the temperature is stabilised at 32 °C. The temperature change during
the heating time for the designed temperature range is only 0.023 °C/min.
2.2. PCM concrete mixture design and PCM properties

2.1. Modiﬁed hot plate apparatus
The commercially available hot plate apparatus type EP 500
manufactured by Lambda Messtechnik consists of a lower “cold” plate
and an upper “hot” plate. The tested sample is inserted between the
lower and upper plates, see schematic drawing in Fig. 1. The dimensions
of the plates are 50 cm × 50 cm; however, the measurements of the
samples are performed on a core square of 15 cm × 15 cm only. The
difference between the measuring area and the total area of plates is
the guarding zone that surrounds the tested specimen and protects
it from the inﬂuence of the surrounding temperature. The guarding
area around the sample must be ﬁlled with highly insulating material.
The guarding zone contains guarding rings, which can cool and heat
and by that reduce the thermal inﬂuence of the ambient temperature
on the tested sample. The isotherms visible on Fig. (1) which go through
the test specimen are parallel to the hot and cold plates of the apparatus,
and this indicates that the entire heat ﬂux is transferred from the hot to
the cold plates without heat losses.
The hot plate apparatus presented and used in this experiment is
different from the standard hot plate apparatus. In the standard apparatus, only the steady-state mode is available, which is used to measure
thermal conductivity of various tested materials. More information
regarding steady-state thermal conductivity measurements with use
of hot plate apparatus can be found in Reference [17] and in the following standards according to which the apparatus is operating: DIN 56212,
ISO 8302, DIN EN 1946-2, and DIN EN 12667. The standard hot plate
apparatus was modiﬁed for the purpose of the presented investigation
in order to be able to conduct dynamic thermal experiments. The
control system of the hot plate apparatus was upgraded with the new
mode that allows deﬁnition of a dynamic temperature load. Firstly, a
steady temperature at 18 °C on the upper and lower plates is deﬁned
in the dynamic mode. This steady state is maintained for at least 5 h
in order to ensure that the whole sample reaches the same temperature.
Afterwards, the sample is heated symmetrically by both the upper and

The total volume of each mixture was 25 l with 0, 1, 4 and 6 (wt.%)
of PCM included. The speciﬁcation of each mixture is given in Table 1.
The type of the additives and their properties are presented in Table 2.
All concrete mixtures have a water to cement ratio of ≈0.6.
According to the product description, the Micronal type DS5040X
used as one of the concrete additives has the following properties:
− 0.6 kg/l — density of the powder
− 100 kJ/kg — latent heat of fusion
− 23 °C — melting temperature point.
The 0, 1, 4 and 6% PCM concrete specimens of dimensions
15 cm × 15 cm × 15 cm were cast in moulds and left to harden at
room temperature. Afterwards, the specimens were taken out of the
moulds and cut to the desired dimensions of 15 cm × 15 cm × 8 cm
(Table 3).
2.3. CRYO-SEM analysis
A concrete sample with PCM capsules was analysed using the CRYOSEM technique. The sample was taken from a concrete core cast at 5 °C
in the following way: the core was cooled to about −5 °C, and a small
piece was broken off. The piece was mounted in the SEM Zeiss 1540
CrossBeam (Zeiss XB-1540) equipped with the CRYO device Gatan
ALTO 2500 and cooled to approximately −200 °C. The temperature of
the sample did not at any point exceed 0 °C. The sample was coated
with platinum and then analysed in a high vacuum.
The fracture surface on the concrete sample was investigated in the
CRYO SEM.
For PCM capsules in the fracture, the observation was that they were
all broken, see Fig. 2. This is not because the capsules were defective, but
merely a consequence of the fracture cutting its way through the capsules because of their weaker strength when compared to the surrounding concrete. It is, however, noteworthy that the crack did not run in the
attachment zone between the capsules and the surrounding cement
paste. In fact, the connection between the capsules and the cement
paste appeared to be quite good, and only very few interstices around
the capsules were observed. Moreover, the distribution of the capsules
was rather uniform, and no bigger packs or layers of grouped capsules
could be found.
Moreover, the CRYO SEM analysis indicated that the solid parafﬁn
inside the shell was inﬂuenced by the fact that capsules were enclosed
in concrete. There were large interstices between the shell and the parafﬁn inside the shell. The parafﬁn was often layered, and porosities
could have been identiﬁed in the parafﬁn core, see Fig. 3. However,
the CRYO SEM analysis cannot be used to investigate whether the
capsules were damaged during the process of mixing the concrete and
the microencapsulated PCM. The capsules are easily damaged when
taking smaller samples from the bulk material, and so it cannot be concluded if some of them were damaged during the mixing process.
Table 1
PCM concrete design mix speciﬁcation.

Fig. 1. Schematic section view through the half of the hot plate apparatus with sample and
protecting frame.

Sample

PCM

Cement

Sand (dry)

Stone (dry)

Water

Super plasticizer

[wt.%]
0
1
4
6

[kg]
0
0.58
2.19
3.18

[kg]
7.63
7.64
7.63
7.63

[kg]
20.72
20.10
18.01
16.78

[kg]
25.42
24.54
22.10
20.58

[kg]
4.72
4.73
4.63
4.41

[kg]
0
0
0.13
0.58
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Table 2
PCM concrete material properties.
Material

Supplier

Brand

Density

Abs./moist

[−]
PCM
Cement
Sand (0/4 mm)
Stone (4/8 mm)
Super plasticizer
Water

[−]
BASF
Aalborg Portland
NCC
NCC
BASF
/

[kg]
Micronal DS5040X
BASIS
/
/
AC410
/

[kg/m3]
970
3100
2640
2660
1060
998.2

[%]
/
/
0.2
0.6
77
/

2.4. Steady state experiment: thermal conductivity measurements
The 0, 1, 4 and 6 (wt.%) PCM concrete specimens measuring
15 cm × 15 cm × 8 cm were dried in an oven at 65 °C–70 °C until
all moisture evaporated and they ceased changing weight. Drying
the specimens was necessary in order to obtain repeatability of the thermal conductivity measurements. Afterwards, each sample was tested in
the hot plate apparatus with regard to its thermal conductivity. The
complete description of the methodology and results can be found in
Reference [17]. Consequently, the obtained results of thermal conductivity were used to calculate the speciﬁc heat capacity of the specimens.
The specimens were tested for thermal conductivity approximately
5 months after they had been cast.
2.5. Dynamic experiment: samples preparation
The 0, 1, 4 and 6 (wt.%) PCM concrete specimens measuring
15 cm × 15 cm × 8 cm are big enough to be treated as homogeneous or semi-homogeneous materials. In other words, this means
that they can be considered as representative samples of a bigger
bulk concrete material. This subsection presents the method for measuring the temperature proﬁle in the sample and the heat ﬂux supplied to
the samples during the heating process.
The samples are tested for heat storage capacity approximately
10 months after they have been cast.
2.5.1. Methodology of temperature proﬁle measurements
The presented experiment is designed to measure vertical temperature proﬁles of specimens with thin K-type thermocouples. Due to the
fact that the concrete material is not homogeneous and has various
aggregate sizes, direct casting of thin and weak thermocouples in the
specimens would be very difﬁcult, and the ﬁnal location of the thermocouples in the specimens might be different from the designed
one. As a result, an incorrect temperature proﬁle of the specimens
would be obtained. Therefore, after the thermal conductivity measurements of specimens measuring 15 cm × 15 cm × 8 cm are completed (see Section 2.4), the specimens are cut into two equal pieces
of 15 cm × 7.5 cm × 8 cm, and the surface along the cut is carefully
polished. Afterwards, nine parallel grooves 0.3 mm deep and wide
spaced 8 mm apart are cut into the concrete as presented in Fig. 4.
Calibrated thin thermocouples, type K, are inserted in the specially
grooved PCM concrete specimens, see Fig. 4. Then, the two parts of a previously cut specimen are assembled with inserted thermocouples inbetween. Finally, visual check is performed to ensure that there are no
air gaps along the joining line where the thermocouples are inserted
and that the specimens ﬁt well to each other. The procedure is repeated

Fig. 2. Broken capsules lying in the fracture surface of the concrete sample.

for all investigated samples. Furthermore, the method of inserting
thermocouples in the concrete specimen used in the presented experiment is validated by the use of a plaster specimen.
Contrary to concrete materials, the plaster material is easy to form
and cast, and thus thermocouples can easily be casted in the sample
unlike in the case of the concrete specimen. Consequently, it is possible
to cast thermocouples and insert them in one specimen in predeﬁned
locations. The thermocouples are placed with 10 mm apart. Each cast
thermocouple is paired up with inserted thermocouple, and all thermocouple locations in the specimen are known. The specimen with the
thermocouples is inserted in the hot plate apparatus, and a predeﬁned,
symmetric, dynamic and steady-state temperature load is applied on
the top and the bottom of the sample from the plates of the apparatus.
The calculated relative error resulting from various logged voltage of
the two thermocouples is almost always lower than 0.5%. The highest
calculated error observed for thermocouples is approximately of 1%.
This means that the method for inserting the thermocouples into the
concrete specimens instead of casting them directly should be sufﬁciently accurate to measure the temperature proﬁle in the concrete
specimens.
2.5.2. Method of heat ﬂux measurement
In the presented experimental investigation, it is necessary to measure the heat ﬂux supplied from the plates of the apparatus to the
PCM concrete specimen. Since the heating load from the hot plate
apparatus is symmetric, the temperature of the bottom and top plates
changes over time in the same manner. Thus it is sufﬁcient to measure
the heat ﬂux only on one surface of the specimen which is attached to

Table 3
PCM concrete properties.
PCM [wt.%]

Slump [mm]

Air [%]

Density [kg/m3]

0
1
4
6

140
140
480 (SF)
230

1.4
4.9
4.6
3.8

2363
2229
2140
2073

Fig. 3. Broken capsules where layered porosities are visible in the parafﬁn bodies.
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Fig. 4. (left) Specimen with special grooves for thermocouples, (right) location and number of the thermocouples in the specimen.

one of the plates of the apparatus. The heat ﬂux is then measured either
on the top or the bottom surface of the specimen. In this experiment,
it is chosen to locate a heat ﬂux ﬁlm on the upper surface of the PCM
concrete specimen.
The dimension of the heat ﬂux ﬁlm located on the top surface of the
PCM concrete specimen is speciﬁcally chosen for the purposes of the
dynamic experiment presented in this paper. Due to the dynamic nature
of the experiment, the PCM concrete and the insulating frame are heated up at different rates. The difference of the temperature proﬁle as a
function of time in the concrete sample and in the surrounding insulating frame is due to the various thermal diffusivities of the two materials.
As a result of temperature differences in the sample and the surrounding frame, the heat ﬂux close to the edge of the concrete specimen is
not one-dimensional (1D) but is inﬂuenced by the frame temperature.
In order to perform measurements of only 1D heat ﬂux provided from
the apparatus plates and free of side heat ﬂux from the frame, the
heat ﬂux sensor has to have a smaller area than the total area of the
specimen measuring 15 cm × 15 cm and has to be located at the centre
of the specimens. In order to calculate the ratio between the side heat
ﬂux to the sample the heat ﬂux applied from the hot plate apparatus,
the numerical investigation is performed in the COMSOL Multiphysics
program. The result from that investigation indicated that if the heat
ﬂux ﬁlm has a square size of 8 cm × 8 cm, then the side heat ﬂux is at
its maximum but only constitutes 0.6% of the total heat ﬂux supplied
from the bottom and top plates of the apparatus. It was assumed that
the error at this level is within the acceptable range.
The heat ﬂux ﬁlm used in the experiment is a square heat ﬂux sensor
produced by Captec and has the sensitivity of 23.4 μV/(W/m2). The sensor is made of highly conductive copper and is only 0.3 mm thick.

2.5.3. Sample set-up in the hot plate apparatus
The specimen with the inserted thermocouples as described in
Section 2.5.1 is positioned in the hot plate apparatus in the centre of
the lower plate. Afterwards, the attachment of the bottom of the specimen is checked for any irregularities. Then the top of the specimen is
wrapped in a thin packing foil, and a thin layer of ultrasound gel is
applied on the entire foil surface. The gel layer is covered with one
more layer of thin foil. A thin square shaped heat ﬂux ﬁlm measuring
8 cm × 8 cm manufactured by Captec is positioned in the middle of
the top surface of the specimen and pressed into the gel layer. The prepared specimen is surrounded with an elastic insulating frame, and an
upper “hot” plate is lowered until it reaches the top of the concrete specimen. The dynamic test is triggered after the last visual inspection is
performed to verify if the specimen is attached well to both the lower
and upper plates of the apparatus. At the same time, the logging process
of signals from the thermocouples and the heat ﬂux sensor ﬁlm is
started using the Helios Data logger type 2287A.

3. Results
This section aims to present the outcome, temperature and heat ﬂux
results, obtained during the experimental investigation presented in
this paper. The outcome of the experimental investigation is used to
calculate the speciﬁc heat capacity as a function of the temperature of
the investigated PCM concrete specimens. Subsequently, four various
methods for calculating speciﬁc heat capacity as a function of the temperature of the PCM concrete composite are presented.
Each method and its assumptions are described and representative
results are illustrated. Finally, results obtained from the four methods
are compared with each other and conclusions are drawn.
3.1. Control of the repeatability of the measurements
The addition of the microencapsulated PCM in the concrete results
in a development of a new material. The newly developed composite
should be characterized by new thermal properties that combine the
properties of ordinary concrete and those of PCM.
In order to check if the experimental results are repeatable, each of
the investigated specimens is measured three times. During each of
the experiments, the temperature measurements from all nine thermocouples and the heat ﬂux to the specimen are logged. The chosen results
are presented for PCM concrete specimens with 4 (wt.%) and 6 (wt.%) of
PCM.
As seen in Fig. 5, the calculated average temperatures of the 4 (wt.%)
and 6 (wt.%) PCM concrete specimens for three various series of
measurements are very close to each other as a function of time. They
even overlap each other and, therefore, it is difﬁcult to see three separate data series in Fig. (5). The maximum relative error of the temperature average for a fully developed dynamic temperature ranges from
19 °C to 31 °C for the 4 (wt.%) and 6 (wt.%) PCM concrete is approximately 1.5% and 0.5% respectively. With regard to the heat ﬂux measurements, some discrepancy between the three series can be seen,
but the measurements are still reliable. The maximum average relative
error for the calculated heat ﬂux for a fully developed dynamic temperature ranges from 19 °C to 31 °C for 4 (wt.%) and 6 (wt.%) PCM concrete
is approximately 6.5% and 9.5% respectively.
3.2. Output from the dynamic experiment: temperature and heat ﬂux
This section presents the measured average heat ﬂux and average
temperature of the investigated specimens. Presented results are the
average of three series of measurements performed on each of the
investigated samples. The average temperature presented in Fig. 6 is
calculated as the average temperature reading from all thermocouples
inserted in the specimen and from all three series of measurements
for each investigated specimen.
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Fig. 5. Logged temperature and heat ﬂux results for three separate series of measurements of 4% and 6% PCM concrete specimens.

As seen in Fig. 6, the temperature of the specimen stabilizes at
approximately 18 °C, and thereafter the specimen is linearly heated
over 10 h to approximately 32 °C when the temperature stabilizes
again. For the concrete specimens with PCM, the hot plate apparatus
needs to deliver more heat (see bold-faced curve) in the temperature
range from approximately 19 °C to 27 °C. This additional heat is necessary in order to overcome the melting process of the incorporated PCM
in the specimen and to sustain a linear temperature increase predeﬁned
by the hot plate apparatus dynamic mode. The width of the measured
heat ﬂux peak indicates the melting range of the PCM. The highest
peak of the heat ﬂux occurs at approximately 23 °C which is also the

melting point of the used PCM. The outputs of the experiment are the
measured temperature proﬁle in the sample and the heat ﬂow to the
specimen as a function of time. These outputs will be used to calculate
the speciﬁc heat capacities of the PCM concrete specimens as a function
of temperature.
3.3. First Cp(T) calculation method: the theoretical method
The theoretical method utilizes the weight average equation for the
speciﬁc heat of the matrix material, e.g. concrete and the pure PCM,
which is measured according to the DSC method, see Eq. (2). The DSC

Fig. 6. Temperature and heat ﬂux results from the dynamic experiment.
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measurements presented, see Fig. 7, are conducted by the producer
of the PCM used in this study.
C composite ¼ C PCM  X PCM þ C matrix  ð1−X PCM Þ

ð2Þ

where:
Ccomposite
CPCM
XPCM
Cmatrix

Speciﬁc heat capacity of the composite, J/kgK
Speciﬁc heat capacity of the PCM, J/kgK
Weight ratio of the PCM to the composite
Speciﬁc heat capacity of the matrix material, J/kgK.

The results for 4% and 6% PCM concrete are as presented in Fig. 8.
It is worth highlighting that the calculations using the theoretical
weight average method presented in this section did not utilize the
results of the experimental outputs from the hot plate apparatus.
Fig. 8. Theoretical Cp(T) for 4% and 6% PCM concrete, only for melting process.

3.4. Second Cp (T) calculation method: the simple method
The calculation of the speciﬁc heat capacity of the material investigated in this research varies from the calculations of an ordinary material. The reason for this is the presence of PCM in the concrete. For normal
solid materials, the speciﬁc heat capacity can be calculated from the
equation:
Cp ¼

ΔQ
m  dT

heat capacity changes during the phase transition. Therefore, Eq. (2)
has to be modiﬁed in order to include the temperature gradient over
time:
CpðT Þ ¼

ð3Þ

Aq
dT
m
dt

ð5Þ

where:

and
Z
ΔQ ¼

T end
T start

qðT ÞdT

ð4Þ

A
q
m
dT / dt

Heated sample area, m2
Measured heat ﬂux supplied to the sample, W/m2
Mass of the sample, kg
Increase of sample temperature in a given time step, K/s.

where:
ΔQ
m
Cp
dT

Internal energy increase of the sample, J
Sample mass, kg
Speciﬁc heat capacity, J/kgK
Temperature difference between the beginning and the end
of the sample heating process, K.

This method makes it possible to ﬁnd an average speciﬁc heat
capacity in the deﬁned temperature range. However, for the materials
that change state it is important to establish how enthalpy/speciﬁc

The method presented in Eq. (5) was previously proposed in
Reference [15] to calculate heat capacity of concrete containing PCM.
However, the method has its shortcomings. The heat ﬂow used in the
calculation is the one measured at the surface of the sample by the
heat ﬂux ﬁlm sensor. In reality, the heat ﬂux varies in the interior
space of the sample due to the dynamic temperature at the top and bottom boundaries of the specimen. As a consequence, Eq. (5) overestimates the heat ﬂux transferred to the sample with respect to the
internal temperature gradient over time, and so the calculated Cp (T)
is also overestimated.

Fig. 7. Result of DSC measurement of pure microencapsulated PCM.
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The calculated results for 0, 1, 4 and 6 (wt.%) PCM concrete specimens are illustrated in Fig. 9. The results presented in the paper are
the calculated average results of the speciﬁc heat capacity calculated
for each of the thermocouples inserted in the specimen. The results
for each of the measured specimens are presented separately for the
three conducted measurement series. All three series of measurements
were depicted in order to show that the obtained results form a repeatable pattern.
3.5. Third Cp(T) calculation method: the numerical simple method
The “numerical simple method” for calculating Cp(T) presented in
this section uses the explicit ﬁnite difference method for solving 1D unsteady heat conduction problem. The governing equation is as follows:
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ﬂux at the surface is acceptably small. As mentioned previously, the
experimental measurements are repeated three times for each specimen. In the numerical investigation presented in this subsection, the
heat ﬂux calculated in the model is compared to the average heat ﬂux
for all three measurement series, for 4% and 6% PCM concrete respectively. The results of the investigation are presented in Figs. 10 and 11.
As shown in Figs. 10 and 11, the linear simpliﬁcation of the Cp(T)
gives a linear representation of the calculated heat ﬂux at the surface.
The correspondence between the measured heat ﬂux and the calculated
one is rather good. The heat ﬂux between approximately 18 °C–19 °C
and 31 °C–32 °C is not taken into account in the calculations of Cp(T)
since these are the transition temperatures ranging respectively from
steady-state to dynamic state and from dynamic to steady-state.
3.6. Fourth Cp(T) calculation method: the inverse method

∂T
∂z T
¼α z
∂t
∂x

ð6Þ

where:
T
t
x
α

Temperature, °C
Time, s
Length, m
Thermal diffusivity, m2/s.

The boundary conditions for the numerical model are set to resemble
the experimental conditions. The initial temperature of the specimen is
deﬁned as 18 °C, and thereafter the temperature is symmetrically and
linearly increased to 32 °C over 10 h at the top and bottom surface of
each sample. The height, density and thermal conductivity deﬁned for
the samples in the numerical model correspond to the measurements
performed on the real samples. The number of nodes and time steps
are dependent on the thermal properties of the samples. Therefore, the
number of virtual nodes in the analysed geometry is chosen so as to
result in a good stability and convergence of the model [18].
In the developed numerical model, the speciﬁc heat capacity is linearly dependent on the temperature. The iterative procedure of ﬁnding a
satisfactory linear approximation of the speciﬁc heat capacity is repeated until the difference between the calculated and the measured heat

In the “numerical simple method” presented in Section 3.5, the heat
equation is solved by the traditional explicit ﬁnite difference method.
The thermal properties: ρ — density, λ — thermal conductivity and
Cp(T) — speciﬁc heat capacity as a function of temperature and also
the temperature boundary conditions are given in order to solve the
1D unsteady heat conduction problem. However, the problem is nonlinear, and the linearization of Cp(T) presented in “numerical simple
method” is a simpliﬁcation.
For the materials whose thermal properties are temperaturedependent and unknown and for which the temperature proﬁle and
boundary conditions are known, an inverse analysis method could be
applied.
The inverse analysis method has been used by many researchers to
determine the temperature-dependent thermal conductivity and speciﬁc
heat capacity of materials, in which only the interior temperature ﬁeld
and initial and boundary conditions were known. As stated in Reference
[19], inverse methods were developed in two directions. The ﬁrst one
was devoted to estimating the initial boundary conditions leading to a
desired temperature ﬁeld. The second direction was focus on estimating
the thermal parameters, such as diffusivity, thermal conductivity and
heat capacity, from a measured temperature ﬁeld.
For example, the inverse method utilizing the conjugate gradient
method was presented in Reference [20] to simultaneously determine

Fig. 9. Calculated Cp(T) for various PCM concrete specimens with use of “simple method”.
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Fig. 10. (left) Linear Cp representation in function of temperature, (right) measured and calculated heat ﬂux on the specimen surface: 4% PCM concrete.

the temperature-dependent thermal conductivity and heat capacity per
unit volume of the material. Reference [21] presents a linear inverse
model for determining temperature-dependent thermal conductivity
in one-dimensional inverse conduction problems. The author also
claims that the method is applicable to other kinds of inverse problems
such as estimating the heat capacity and the convective heat transfer
coefﬁcient in one-dimensional or multidimensional heat conduction
problems.
Reference [19] presents an inverse analysis based on the onedimensional ﬁnite element method case to simultaneously identify

the constant thermal conductivity and heat capacity per unit volume
of chosen polymers.
In this section, an inverse analysis based on the one-dimensional ﬁnite
difference method is applied to identify the temperature-dependent
speciﬁc heat capacity Cp(T) of PCM concrete composites. The thermal
conductivity in the analysis is regarded as a constant within the investigated temperature range (18 b T b 32) and was determined through
steady state measurements (see also [17]) and therefore not regarded
as unknown in the inverse problem investigation. What is more, to determine the thermal properties of PCM concrete, instead of using measured

Fig. 11. (left) Linear Cp representation in function of temperature, (right) measured and calculated heat ﬂux on the specimen surface: 6% PCM concrete.
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temperature proﬁles in the PCM concrete sample a measured heat ﬂux at
the surface of the sample is used. Finally, the measured and the calculated
temperature proﬁles are compared.
Nonlinear programming problems arise quite often and not just in
engineering ﬁelds. Over the past years, several numerical methods
have been proposed to solve such problems. These methods include
e.g.: interior point methods, gradient projection methods, trust region
techniques and the sequential quadratic programming (SQP) method.
In this paper, the SQP method has been chosen to solve the inverse
problem. An overview of the SQP method can be found in References
[22–25]; only a general problem description is presented in this section.
The objective of the optimization technique is to ﬁnd a set of design
parameters, x = {x1,x2,…,xn}, that can in some way be deﬁned as optimal. For example, in advanced formulation the objective function, f(x),
to be minimized or maximized might be subject to constraints in the
form of equality and inequality constraints and/or parameter boundaries (lower and upper boundaries). A general optimization problem
can be stated as:
f ðxÞ; x∈R

minimize

ð7Þ

subject to
g ðxÞ ¼ 0

equality constrain
inequality constrain

ð7aÞ

g ðxÞ≤0

ð7bÞ

lb≤x ≤ub

boundaries

Linear or nonlinear objective function
Vector
Searched parameter
Lower boundary
Upper boundary.

Lðx; λÞ ¼ f ðxÞ þ

m
X

λi  g i ðxÞ

where nonnegative step size α is obtained by line search techniques
with a unit initial step size.
A satisfactory agreement between the measured and the calculated
heat ﬂux and temperature distribution can be achieved by experiments
and measurements. However, the calculated data can only correspond
well with the measured ones with the correct thermal properties,
which means that the thermal properties can be correctly determined
only when the difference between the measured and calculated data
approaches zero.
For example, in Reference [26] the SQP method was used to ﬁnd
the best thermal properties of a building, which will result in indoor
thermal comfort and minimum energy use for heating and cooling of
the investigated building.
The method proposed in this section uses the N-segment method to
obtain ideal Cp(T)i, i = 1,…,N. The temperature range, in which the
experiment is performed, is divided into N equal temperature segments,
and Cp(T)i, i = 1,…,N is distributed in those N segments. Subsequently,
the Cp(T)i, i = 1,…,N is adjusted to obtain the minimum of the objective
function which is given by the Eq. (11), by using a non-linear
constrained optimization method such as the SQP method [27–29].
Eq. (11) gives the objective function for the optimization problem.

qcalculated
qmeasured

ð8Þ

where:
Lagrange multiplier vector.

Here, the QP sub-problem is obtained by the linearization of
nonlinear constraints.
Traditional SQP seeks to improve an estimated parameter (x) of the
Lagrangian function by ﬁnding the correction (Δx) by solving one or
more quadratic programming problems:
T

T

n

minimum 0:5Δx HΔx þ Δx g ðxÞ; d∈R
T

subject to cðxÞ þ AðxÞ Δx ≤0

ð10Þ

1; j −qmeasured 1; j j

ð11Þ

where:

i¼1

ð9Þ
ð9aÞ

where:
A(x)
H

þ

x ¼ x þ αΔx

Min f ¼ jqcalculated

Vector c(x) contains the values of equality and inequality constraints
evaluated at x. Quadratic programming (QP) deals with the minimization or maximization of a quadratic objective function that is linearly
constrained. The idea of the SQP methods is to solve the nonlinearly
constrained problem using a sequence of quadratic programming (QP)
sub-problems. The constraints of each QP sub-problem are linearizations of the constraints of the original problem, and the objective function of the sub-problem is a quadratic approximation to the Lagrangian
function also known as the Kuhn–Tucker condition:

λ

The next estimate of the sought solution would be:

ð7cÞ

where:
f(x)
c(x)
x
lb
ub
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is the calculated heat ﬂow to the sample at the sample
surface, W
1, j is the measured heat ﬂow to the sample at the sample
surface, W.
1, j

Taking results obtained from the ﬁrst to third methods presented in
this paper into consideration, the upper and lower bound for the chosen
parameter, which in this investigation is the speciﬁc heat capacity, is
chosen as 0 b Cp(T)i b 2000 J/(kgK). Due to the fact that the division
of temperature segments may inﬂuence the accuracy of the results,
the division should be adjusted until the relative error is acceptable. In
the calculation presented in this paper, the temperature segment (N)
has the length of 0.5 °C. It should be kept in mind that the governing
equation for the problem is the same as in the “numerical simple
method”, Eq. (6).
The results of the “inverse method” are presented for 4 (wt.%) and 6
(wt.%) PCM concrete, but only for the third measurement series (Figs 12
and 13).
To determine the discrepancy between the measurements and the
calculations, the measured and calculated vertical temperature proﬁles
are compared, and the total average relative error is calculated. What is
more, the number and location of nodes for solving the heat equation in
the inverse method lines up with the real position of the thermocouples
in the specimen. As an example, the calculated and measured temperature proﬁles are compared for the 4% PCM concrete specimen, see
Fig. 14. The total average relative error in all time steps for 4 (wt.%)
and 6 (wt.%) PCM concrete is calculated to be approximately 0.5% and
0.5% respectively.
3.7. Comparison of methods

is Jacobian
is symmetric approximation to the Hessian of the Lagrangian
function.

In this section, results obtained from all presented methods are
compared with each other. The third measuring series for the specimen
containing 4 (wt.%) of PCM is chosen for the comparison.
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Fig. 12. (left) Calculated optimized Cp in function of temperature, (right) measured and calculated heat ﬂux on the specimen surface: 4% PCM concrete.

Fig. 15, depicts the results obtained by using all methods presented
in this paper.
As shown in Fig. 15, various calculation methods lead to various
results. Firstly, it is noticeable that the peak Cp obtained by the theoretical method is much higher than the peaks obtained from the methods
utilizing experimental data. The peak obtained from the “simple
method” is higher than the ones obtained from the “simple numerical
method” and the “inverse method”, but as discussed in Section 3.2,
this method is expected to give overestimated results. The curves of
the calculated Cp(T) from the “simple numerical method” and “inverse
method” lie very close to each other, but still the “inverse method”

should give a more realistic representation of the Cp(T) since this
method is based on optimization algorithm.
What is more, the peak of the calculated Cp(T) for all methods lies at
approximately 23 °C, which is expected.
4. Conclusion and discussion
The used experimental set-up and temperature ramp between 18 °C
and 32 °C presented in this paper made it possible to activate the microencapsulated PCM directly integrated in the concrete mixture. The
method for measuring the temperature of the concrete sample proﬁle

Fig. 13. (left) Calculated optimized Cp in function of temperature, (right) measured and calculated heat ﬂux on the specimen surface: 6% PCM concrete.
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Fig. 14. Comparison of measured and calculated vertical temperature proﬁle at chosen
time steps for 4% PCM concrete specimen.

was validated and conﬁrmed to give accurate results by using a plaster
sample. Moreover, the size of the heat ﬂux ﬁlm was determined by
using the ﬁnite element software COMSOL. The proper design of the
ﬂux ﬁlm resulted in measuring only the 1D heat ﬂow to the specimen.
The outcome from the experimental investigation indicates that in
order to linearly heat up the sample from 18 °C to 32 °C, the hot plate
apparatus has to provide more heat to the samples with the PCM than
those without it. The heat of fusion for temperatures ranging between
19 °C and 27 °C can be distinctly observed for the samples containing
4% and 6% of the microencapsulated PCM. On the other hand, for the
sample with 1% PCM the measured heat ﬂux did not increase substantially. The insigniﬁcant heat ﬂux peak can be explained by the small
amount of incorporated PCM. What is more, some of the capsules
could have been damaged during the mixing process. Although, the
CRYO-SEM investigation has been performed, it has been indicated
that this method cannot be used to check whether or not the capsules
have been damaged during the mixing process of the concrete.
The problem of the heat ﬂux stability can also be observed for the
reference specimen without PCM. The heat ﬂux is expected to increase
and stabilize at a certain level during the heating process. On the contrary, a small ﬂuctuation is observed and then an insigniﬁcant linear
increase of the heat ﬂux. It is concluded that the unstable heat ﬂux is
either due to temperature control problems of the dynamic mode in
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the hot plate apparatus or ﬂuctuation in the temperature of the
surroundings. Still, the instability of the heat ﬂux is insigniﬁcant, and
the results can be considered as reliable.
Regarding the calculation of the speciﬁc heat capacity, various
methods naturally give various results. The “theoretical method” that
uses the weight-average method results in the highest Cp values. On
the contrary, the results based on the measurements generally indicate
that the peak of the speciﬁc heat capacity is much lower and has a wider
shape than the theoretically calculated one.
The second presented method called the “simple method” is indeed
fast and simple, but it overestimates the actual speciﬁc heat capacity of
the measured specimens. In Eq. (5), the heat ﬂux measured at the surface of the specimen is used for all temperature gradients dT / dt, even
the ones measured in the interior of the specimen. In reality, the heat
ﬂux decreases in the direction of the centre of the specimen, and so
the real speciﬁc heat capacity should be lower than the calculated one.
The third method called the “numerical simple method” simpliﬁes
the problem by the linearization of the speciﬁc heat capacity as a function of temperature. The method is not too complex and, at the same
time, provides acceptable accuracy. On the other hand, the weakness
of the method is the manual iterative process for ﬁnding a satisfactory
linear approximation of Cp(T).
The fourth method, the “inverse method”, is the most advanced of all
of the presented methods. It uses a non-linear constrained optimization
method to calculate Cp(T). The calculated optimized results correspond
very well with the measurements. For the 4% PCM concrete sample, the
accuracy is better than for the 6% PCM concrete. The conclusion is that if
the number of N temperature segments was increased for the calculation of 6% PCM concrete, the accuracy would probably be improved.
A general conclusion can be drawn that for practical purposes to be
able to perform a simulation of an entire building and to calculate the
indoor temperature and energy use of a room with PCM concrete
elements, the third and fourth methods – the “numerical simple method” and “inverse method” – would probably be the most suitable ones.
The reason is that the obtained Cp(T) is directly represented either by a
function or a pair of points that can easily and conveniently be transferred to any building simulation programme. The “simple method”
could also be used, but as stated earlier the results obtained are considered to be overestimated, and therefore the method will not be
recommended.
The advantage of the experimental method presented in the paper is
the very small heating rate of approximately 0.023 K/min, which can
imitate the temperature increase in a real building construction element
and thus simulate realistic thermal conditions at which the PCM concrete would be activated.
The present development of the hardware used in the experiment
allows determination of the Cp(T) but only for the melting process. An
experiment, where the sample would be cooled down in order to deﬁne
the Cp(T) of the solidiﬁcation process is also possible. However, due to
the limited accuracy of the presently available hardware, these experiments have not been performed.
The thermal activation of PCMs and their efﬁcient application in
buildings are strongly limited by their very low thermal conductivity.
Therefore, in order to increase the thermal conductivity, pure PCMs
have to be mixed with other highly conductive materials that could
carry the heat to deeper layers over short time. It is expected that the
experimental method for determining the heat capacity of a concrete
material with PCM proposed in this paper should also work for other
inhomogeneous composites with PCM.
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