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Abstract
Overheating is a major problem in many modern buildings due to the utilization of lightweight constructions with low
heat storing capacity. A possible answer to this problem is the emplacement of phase change materials (PCM), thereby increasing
the thermal mass of a building. These materials change their state of aggregation within a defined temperature range. Useful PCM
for buildings show a phase transition from solid to liquid and vice versa. The thermal mass of the materials is increased by the
latent heat. A modified gypsum plaster and a salt mixture were chosen as two materials for the study of their impact on room
temperature reduction. For realistic investigations, test rooms were erected where measurements were carried out under
different conditions such as temporary air change, alternate internal heat gains or clouding. The experimental data was finally
reproduced by dint of a mathematical model.

Keywords: Summer overheating in buildings; Phase change materials; PCM; Paraffin; Salt hydrate; Numerical simulation;
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Introduction

In buildings with massive masonry or concrete walls,
comfortable summer temperatures dominate due to the high
heat capacity of components and assemblies. In contrast,
buildings with modern lightweight constructions have little
comparable heat storage, resulting in summer overheating as
a major problem. The highly glazed surfaces in modern office
buildings have an additionally significant influence here, with
a high potential of solar gains.
Before resorting to the utilization of additional air
con‐ ditioning, a possible solution may be the emplacement of
so‐ called phase change materials (PCM) that provide for an
increase in heat capacity. These materials change their state
of aggregation within a defined temperature range. Common
PCM for the application in buildings show a phase transition
from solid to liquid phase and vice versa. It follows then that
surface and indoor air temperatures can be reduced by using
PCM during hot periods. Therefore, the deficient lagging
thermal protection of lightweight buildings in summer can be
improved for thermal comfort.
The idea of improving the thermal buffer through
theapplication of phase change materials has been common
knowledge for many years. The first kind in use was natural
ice. In the past, different innovative systems were developed
that go back to the application of other PCM. Relevant PCM
for the usage in rooms are paraffin, fatty acids, salt hydrates
and their eutectic mixtures [1],[2]. The most common method
for obtaining paraffin is to extract it during the refining
process of crude oil. It is noteworthy for its chemical stability
and a high specific heat capacity. Phase instability and
supercooling effects, with a solidification temperature below
melting point, are quite unusual. Flammability and low‐heat
conductivity cause a reduction in paraffin’s effectiveness.
Further examples of previously researched PCM are
salt hydrates, for example made up of calcium chloride
or
sodium
sulphate
hexahydrate
(CaCl2∙6H2O)
(Na2SO4∙10H2O). These materials possess a very high storage
capacity due to a com‐ paratively high density. Crucial
disadvantages that have been identified are supercooling
effects and phase instability [2].
In contrast to pure phase change materials that melt
at a discrete melting point, PCM that can be applied in the
building industry are mixed materials, melting at a particular
tempe‐ rature range that is dependant on their chemical
composition. During the 1980s, the first research was
conducted where phase change materials, especially paraffin,
were integrated into building materials to solve the problems
of thermal protection insummer [3]. Due to important
investigations in the field of materials research and
microencapsulation techniques in recent years, a reasonable
integration of PCM in building materials became possible [4]‐
[6]. The utilization of microencapsulated paraffin in plaster
represents a recommendable application [7]‐[9].

For realistic investigations, four identical test rooms
were erected where modified gypsum plaster and a salt
mixture were chosen as PCM agents. All the test rooms were
built as lightweight constructions and possess a highly glazed
facade ratio [10],[11]. The findings to these experiments will be
compared with the results of a mathematical model [12] and
finally discussed.

2.

Character of the used PCM

2.1.

Plaster with microencapsulated paraffin

The applied PCM‐plaster is a special gypsum plaster,
which consists of PCM, gypsum, mineral aggregates as well as
admixtures to improve the working properties. The
integrated PCM is microencapsulated paraffin with a
diameter of approximately 5 µm and has a melting range of
between 25 and 28 °C. The influence of the PCM capsules on
vapour diffusion is expected to be negligible and therefore
comparable with conventional gypsum plaster [13].
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Fig. 1. DSC‐measurement of the PCM‐modified plaster.

Fig. 2. Graph of the melting temperatures of the salt hydrates.

Through the Differential‐Scanning‐Calorimetry (DSC),
the sensible and the latent heat of the PCM‐modified plaster
were measured with a constant heat and cooling rate of
2 K/min. It was shown that the peak temperature in the
cooling mode is at 28.0 °8C. There is no significant
supercooling effect because the solidification process starts
nearly at the same temperature as melting process stops [14].
The characteristic of the phase change process is not discrete,
but rather, it is situated in a temperature range (Fig. 1).
Beyond the phase change the heat capacity of the PCM‐
modified gypsum plaster reaches an amount of
csensible = 1.15 kJ/kgK, which is equal to the heat capacity of
pure gypsum plaster. Henceforth, the heat energy that can be
stored in the temperature range of the phase change can be
determined by the following equation:

The density of the measured material is assumed to be
independent of the temperature and the state of aggregation
and was determined experimentally. Table 1 shows the
parameter which were used for the numerical calculation.

∙ ∙Δ

(1)

The heat conductivity of the phase change materials
can only be measured indirectly through the experimental
determination of the thermal diffusivity. Therefore, a test
series with the laser flash instrument NETZSCH‐LFA 427 was
conducted. With a sample of PCM‐modified plaster the
conductivity of temperature was determined for different
temperatures. The thermal diffusivity of a material is the
significant parameter of the transient heat transmission
following the Fourier equation. In the phase change range the
thermal diffusivity is a function of the temperature as a result
of the latent heat storage. The heat conductivity is assumed as
constant in the solid respectively in the liquid phase.
Table 1:
Thermophysical properties of paraffin
Material

Modified CaCl2∙6H2O

Available salt hydrates have melting points between 7
and 117 °C (Fig. 2). All salt hydrates show, depending on the
water content, a different water vapour pressure [15],[16]. Both
water content and vapour pressure are temperature‐
dependent. For this reason, salt hydrates have to be used in
hermetically sealed containers or encapsulated to guarantee a
low water vapour transmission. Salt hydrates show
comparatively high densities, but undergo a volume change
during the freezing process, some more than others.
Supercooling is a major problem for salt hydrate PCM and
therefore most of the commercial products include nucleating
additives.
All products being marketed have a good margin of
safety with respect to toxicity. Some of the additives proposed
as nucleators are toxic, but are used at concentrations which
are low enough to be safe. Furthermore, salt hydrates are not
combustible. The salts used for commercial salt hydrate PCM
are all produced in large‐scale production by the chemical
industry. It is possible to divide salt hydrates into the
following groups depending on their melting characteristics:
Congruent, quasi‐congruent and semi‐congruent melting
PCM, congruent isomorphous PCM and eutectic as well as
incongruent melting PCM [17].
Table 2:
Thermophysical properties of the modified CaCl2∙6H2O [17]

Paraffin
(°C)
(kJ/kg)
(kg/m³)
(W/mK)
(W/mK)

2.2.

28.0
244.0
987.0
0.20
0.28

Material

Salt
Water

CaCl2∙6H2O
(°C)
(kJ/kg)
(kg/m³)
(kg/m³)
(%)
(%)

29.6
190.8
1562
1802
50.66
49.34
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Table 3:
Composition of the modified CaCl2∙6H2O
Chemical material
CaCl2∙6H2O
NaCl
KCl
Ba(OH)2∙8H2O

Table 4:
Composition of the experimental objects envelopes [15]
Weight ratio (%)
96.5
0.5
2.0
1.04

The applied material calcium chloride hexahydrate is
inexpensive and abundant. It is obtained by a separation
process from brine, which in turn, is extracted from
subterranean deposits. CaCl2 is also produced as a by‐product
of several industrial chemical processes. CaCl2∙6H2O shows a
supercooling of up to 10 K, therefore an added nucleator is
needed to produce an applicable PCM. As nucleator it is
possible to use for example BaO, Ba(OH)2, BaCO3, BaSO4 or
Sr(OH)2 [17]. Although these are toxic, the amounts used for
nucleation are small enough that they present just little
practical hazard. Usually, nucleators are used in levels of 1 to
2 %. Calcium chloride hexahydrate is relatively non‐toxic and
is also not combustible. Its thermal properties can be seen in
Table 2.
The melting point of the pure calcium chloride
hexahydrate is too high to decrease temperatures of the
indoor air in summer time especially in light weight
constructions. For practical use, salt hydrates with a melting
point between 23 and 27 °C are needed. Therefore, a salt
mixture based on calcium chloride hexahydrate was
developed.
To decrease the melting point of CaCl2∙6H2O, the
additives NaCl and KCl were added. Furthermore,
Ba(OH)2∙8H2O acts as a nucleator (Table 3). The melting point
of the modified CaCl2∙6H2O lies between 25.5 and 27.0 °C,
which means it is suitable for the practical use in buildings.

Material

(m)

Gypsum plaster board
Mineral wool
Gypsum plaster board

0.0125
0.20
0.025

(kg/m³)
900
30
900

(W/mK)
0.25
0.04
0.25

(J/kgK)
1000
1030
1000

3.

Instrumentation and measurements

3.1.

PCM‐modified plaster

To analyse the possibilities of PCM in detail, two
identical test rooms were built near Weimar, Germany. They
are thermally separated in order to offer similar conditions
(Fig. 3). Test measurements showed that both rooms behaved
thermallyequal. For the construction, only lightweight
building materials such as gypsum plasterboards or mineral
fibrous insulating material were used. The thermal mass is
considered to be low (Table 4).
Subsequently both rooms were plastered. While in
one room a paraffin‐modified plaster was applied on the
surrounding walls (Table 5), the second room was provided
with a conventional gypsum plaster. The thickness of the
plaster coating was 1 cm in the beginning and later increased
to about 3 cm. The plastered surface area per room counts
52 m2. During a third series of measurements additional
tubes filled with a modified CaCl2∙6H2O were introduced to
improve the thermal effect in the PCM‐conditioned room.
Several thermocouples were fixed on the surface of the
plaster, which enabled the measurement and comparison of
the temperatures at different locations in the room.
Additional thermocouples in the plaster enable the
investigation of the temperature profile. Data was recorded in
intervals of 15 min

Fig. 3. Test rooms (on the left with PCM plaster).
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Table 5:
Used PCM in the experimental object
PCM

/

Paraffin plaster
(kg)
(kJ/kg)
(kJ)
(kJ/m³)

193.8
244.0
47287.2
1125.1

with the data acquisition system Ahlborn Almemo 5990‐0.
The test series was carried out under controlled variable
conditions with parameters like temporary air change,
internal heat gains or clouding.
Over the course of 2005, different readings of the
temperature sequence in the test rooms with and without
PCM were carried out. The parameters of the air change rate,
as well as the strength of coating of the plaster, were varied. A
typical run of the ambient and the indoor temperature and
the solar radiation is shown in Fig. 4. The rooms were
ventilated with an airflow of approximately 80 m3/h, which is
equivalent to an air change rate of n = 2 h‐1. Managed by a
clock timer the fans operated 7 p.m. to 7 a.m. to help the
required discharge of the PCM. During the day a base
ventilation of n = 0.5 h‐1 is assumed. In Fig. 5 the daily
maximum temperatures of a week can be compared. The
regulating influence of a PCM layer of 3 cm on the indoor
temperature becomes thereby obvious. During warm days a
reduction of the peak temperature of about 3 K in comparison
to the room without PCM can be achieved.
In Fig. 6 the effect of the microencapsulated paraffin is
demonstrated in detail. The point of the phase change, which
occurs in the temperature range between 25 and 28 °C, can
be seen in a sharp bend in the curve during the heating due to
the melting process. This takes place during the cooling phase
too, due to the solidification process in development. In both
rooms the air temperature rises intensely due to the impact
of the solar radiation, while the ambient temperature at noon
achieves approximate 20 °C. A high temperature spread
between day and night has to be ascribed to the low thermal

Fig. 4. Air temperature (grey without PCM, black with PCM),
ambient temperature (dotted);
strength of coating of the plaster 3 cm.

Fig. 5. Comparison of the daily peak temperatures.

mass of the test rooms. Until the room temperature attains
25 °C, the beginning of the melting process of the PCM, the
temperature curves of both rooms stay convergent. Above
25 °C, the PCM‐condi tioned room heats up slower, caused by
the high melting enthalpy of the PCM. This results in a
temperature difference of up to 3 K. The heat storing effect
can also be observed during the night. If the melting
temperature of the PCM is achieved, the room cools down
slower because of the stored latent heat. Consequently, by
using PCM the room temperature gets damped by day as well
as at night.
In case of insufficient nocturnal solidification of the
PCM as a result of high indoor temperatures, e.g. due to high
solar radiation during the day, the functionality of the PCM
can be limited. In Fig. 7 such a limit of the usage of PCM due to
insufficient discharge during a heat wave is pointed out. This
series of measurements from May 2005 was carried out
similarly with nocturnal ventilation and without the impact of
internal heat gains. The strength of coating of the plaster was
1 cm. Additionally 200 kg of the salt hydrate CaCl2∙6H2O were
placed in the PCM‐conditioned room. The reduction of the
peak temperature is therefore with 4 K even higher than in
the previous case.

Fig. 6. Air temperature (grey without PCM, black with PCM),
ambient temperature (dotted).
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Fig. 7. Limits of the functional capability during a heat wave in
summer 2005: air temperature (grey without PCM, black with
PCM), ambient temperature (dotted).

The diagram indicates that the room without PCM was
heated up until 44 °C and the room with PCM up to 40 °C.
Such high temperatures result from the high intensity of the
solar radiation as well as the large window area of the test
rooms. In the following night the PCM‐conditioned room
merely cools down until the solidification temperature of the
phase change materials (28 °C), which therefore can be
discharged only insufficiently. These properties cause an
attenuated effect already at the following day. In the night of
May 31st the PCM is able to solidify due to the fall below the
melting temperature; the functionality of the system is
reconstituted. However, in case of expected high solar
radiation resulting in high indoor temperatures it is
necessary to adjust the melting point of the PCM to the
estimated daily/ nocturnal indoor temperatures [14].

3.2.

Fig. 8. Indoor temperature (grey without PCM, black with PCM),
ambient temperature (dotted).

In comparison to the investigations done with the
PCM‐ modified plaster objects, different measurements were
carried out. A typical run of the ambient and indoor
temperatures can be seen in Fig. 8. Using thermocouples
(NiCr–Ni) that were placed on different locations, readings
were made in order to get interior and ambient temperatures,
the surface temperature and finally the temperature of the
salt. The data was recorded in an interval of 15 min with the
data acquisition system Ahlborn Almemo 2290‐8. The
experiment proved the effect that phase change materials
have on thermal performance. For example, on 10/09 the
maximum daily temperature in the test cell without PCM
(room 1) was 36.1 °C and in the object with PCM (room 2)
32.3 °C, which means a difference of 3.8 K (Fig. 9). On the
other hand, temperatures during the night in room 2 were
higher than in room 1, which is the result of the solidification
process of the salt hydrate.

Salt mixture

To verify the properties of the modified CaCl2∙6H2O
two identical experimental objects were erected in Vrtezir
near Brno, Czech Republic, one object with and another one
without PCM to measure the indoor climate simultaneously
under the same external conditions [18]. Both objects are
lightweight constructions with a single glazed window;
details are listed in Table 6.
As a phase change material, the previously developed
modified CaCl2∙6H2O was applied (Table 7). This salt mixture
was filled in six PVC tubes with a diameter of 63 mm and a
length of 1.0 m underneath the ceiling. A PVC plug sealed each
end of the tubes. Between the tubes and the ceiling, there was
space for the necessary airflow.
Table 6:
Composition of the experimental objects envelopes
Material
Chipboard
Glass wool
Chipboard
PE foil

(m)
0.022
0.120
0.020
0.0001

(kg/m³)
850
250
600
1470

(W/mK)
0.11
0.04
0.08
0.35

Fig. 9. Comparison of the paek temperatures.

Table 7:
Used PCM in the experimental object
(J/kgK)
1500
840
2000
1470

PCM

/

Modified CaCl2∙6H2O
(kg)
(kJ/kg)
(kJ)
(kJ/m³)

14.5
192.0
2784.0
1344.9
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4.

Numerical calculation and modelling

4.1.

Numerical model

4.2.

A simplified model, based on an energy balance, was
developed to characterize the mathematical process and to
estimate the temperature trend in a PCM‐equipped room [12].
It was not the aim to consider all effects, but rather to
describe the essential processes with a comparatively small
number of parameters. Nevertheless, the impact of the
fundamental parameter should always be shown by the
model. It is assumed that no heat transmission through the
inner walls occurs due to an adiabatic boundary in the
boundary layer plaster – gypsum plaster board.
It is worth mentioning that the room temperature is
mainly determined by the impact of the ambient temperature
, the solar radiation
, internal heat gains
and
the air change rate n . Beside these forces, the room
and temperature of the inner partitioning
temperature
are affected by the heat storage capacity of the
surrounding walls as well as by the ingoing and outgoing heat
flow . Both temperatures
and
can be calculated
by the following coupled energy balance equation:

Boundary conditions

In the following section, the indoor temperatures are
calculated with the simplified model basing on the measured
climate conditions. Differences between the measured and
the calculated data are to be expected, because the
mathematical model considers only the essential processes
with a small number of parameters.
und
of the
The process variables
mathematical model comprise the ambient temperature
, the solar radiation
, internal heat gains
and
the air change rate n as periodical functions. Hence, for the
solution of (3) and (4), it is helpful to describe these functions
in a closed form. The series of measurements of
and
n
were approximated with a Fourier series. The least
squares method provided the basis for the curve fitting. For
the approximation of the solar radiation
it is useful to
split up the curve in daily segments.
With the help of the least squares method it is
consequently possible to fit the series of measurements
piecewise with polynomials.
The following details, concerning the characteristic of
the rooms, are necessary for the calculation:


(2)
with
and

(3)

The coefficients
till
as well as the factor
presumed to be constant and result as follows:

are

4.3.
(4)
The index PCM comprises the entire layer of plaster.
The solar energy reducing factor takes the solar gains into
account, attenuated by the position of the sun, the clouding,
the overall heat gain coefficient of the windows and the
is dependent on the
orientation of the room. The factor
temperature
of the PCM‐containing interior walls

(5)
whereby the heat capacity of the PCM in solid and liquid
states, as well as during the transition period, plays an
is the average melting point and Δ the
important role.
temperature range of the melting process.

the effective heat transfer coefficient
calculated according to [12] with
1/ ,
1/
/2
(
7.7 /

is

,

)



solar energy reducing factor



with/without PCM covered surrounding areas
Aw,PCM = 52.12 m2



volume of the layer with/without PCM Vw = 1.07 m3,
Vr = 42.03 m3



glazed area Ag = 15 m2

0.5

Results

To solve the differential equation system (2) and (3)
the computer algebra system Maple was used. External as
well as internal forces were described with periodical
functions, the coefficients resulting from (4) and (5) were
adapted to the real boundary conditions of the test rooms,
which makes the results of the calculations comparable with
the real temperature curves (Fig. 4 and Fig. 10). The
calculations of the room air temperature make it possible for
the essential processes to be described. During the day, the
temperature sequence is up to 2 K realistically represented
and just slightly delayed. This applies to both rooms: with as
well as without PCM. The usual bends are clearly
distinguishable during the phase change and always occur if
PCM is employed. The bend, due to the melting process, is
only obvious at the end of the reference week because only in
these days of the week does the PCM in the plaster melt
completely. The process of solidification is slightly delayed
and deformed. Greater differences arise out of the calculation
of the nocturnal cooling of the rooms. The calculated room air
temperature is situated in the top 6 K below the measured
data in both rooms with and without PCM.
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The calculated temperature sequence of the walls, the
basis of the progression of the air temperature caused by
phase change, matches additionally the character of the
measured temperatures. It became visible once again that the
calculation of the nocturnal cooling can only be characterized
as limited realistically speaking, even though the calculation
of the temperatures by day was successful.
The insufficient nocturnal calculation is caused by
different impacts. In the mathematical model neither vertical
nor horizontal temperature fields are taken into account,
which redounds in an inaccurate description of the phase
change. This is intensified by disregarding the temperature
gradient in the surrounding wall, or rather, in the plaster due
to the used simple energy balance. It is furthermore worth
stating that, with the formulation of the model, more
simplifications concerning the constants have been carried
out, for example the solar gains.
A further reason is the lack of mathematical
description of the substantial thermal mass of the
surrounding construction. However, the resulting difference
between the simulated and the real sequences can be
assessed as marginal, since the rooms have been erected with
a low thermal mass.
Finally, the temperature sequence can be reproduced
characteristically by calculations with the mathematical
model: both with and without the impact of phase change
materials. And this, especially for daytime temperatures, is of
particular importance for the estimation of functional
capability of PCM.

it could be proven that the PCM forfeit their characteristic
heat storage capacity after a few consecutive hot days, if they
cannot be discharged over night. Efficient night ventilation
can counteract such effects. The influence on the
measurement of different parameters like the air change rate
was varied to simulate the daily routine of an office.
A mathematical model, based on an energy balance
equation, was developed to estimate the temperatures in a
PCM‐conditioned room. The measurements were used for the
validation of the model. As regards the calculations it was
helpful to approximate the boundary conditions in closed
forms. On this account the ambient temperature as well as the
air change rate were described using Fourier series. The solar
radiation was divided in daily segments and approximated
with polynomials. Finally, with the aid of this mathematical
model, the effects of the PCM could be reproduced
numerically.
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