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DGCB laboratory, ENTPE rue Maurice Audin

69518 Vaulx-en-Velin Cedex, France

Abstract

The thermal performances of a PCM copolymer composite wallboard has been ex-

perimentally investigated in a full scale test room. The test cell is totally controlled

so that a typical day can be repeated (temperature and solar radiative flux). Ef-

fects of the PCM are investigated comparing the results obtained with and without

composite wallboards for three cases: a summer day, a winter day and a mid-season

day. The results show that: (1) for all the cases tested, the decrement factor varies

between 0.73 and 0.78 which is quite interesting for use in buildings and particularly

for renovation; (2) the air temperature in the room with PCM lowers up to 4.2◦C,

the comfort enhancement is more important if the surface temperatures are also

considered; (3) the PCM wallboards enhance the natural convection in the room

and then there is no thermal stratification contrary to the room without composite;

(4) the numerical experiments are fully described and can then be used to evaluate

PCM numerical modeling.
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1 Introduction

Nowadays, thermal energy storage systems are essential for reducing depen-

dency on fossil fuels and then contributing to a more efficient environmentally

benign energy use [1]. As demand in thermal comfort of buildings rise increas-

ingly, the energy consumption is correspondingly increasing. For example, in

France, the energy consumption of buildings has increased by 30% the last

30 years. Housing and tertiary buildings are responsible for the consumption

of approximatively 46% of all energies and approximatively 19% of the total

CO2 emissions [2].

Thermal energy storage can be accomplished either by using sensible heat

storage or latent heat storage. Sensible heat storage has been used for centuries

by builders to store/release passively thermal energy, but a much larger volume

of material is required to store the same amount of energy in comparison to

latent heat storage. The principle of the phase change material (PCM) use is

simple. As the temperature increases, the material change phase from solid

to liquid. The reaction being endothermic, the PCM absorbs heat. Similarly,

when the temperature decreases, the material changes phase from liquid to

solid. The reaction being exothermic, the PCM desorbs heat.

The main disadvantage of light weight buildings is their low thermal mass.
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Obviously, they tend to large temperature fluctuations due to external cool-

ing, solar heat or heating loads. Using PCM material in such building walls

can decrease the temperature fluctuations, particularly in case of solar radia-

tions loads. It is then a potential method for reducing energy consumption in

passively designed buildings. This tendency is confirmed by numerous papers

available in the literature during the last 20 years. For a review, see in [3], [4]

and [5].

When selecting a PCM, the average room temperature should be close to the

melting/freezing range of the material. Moreover, the day temperature and

solar radiations fluctuations should allow the material phase change. Then

many factors influence the choice of the PCM: weather, building structure

and thermophysical properties [6],..That’s why experiments must be carried

out to effectively assess the use of PCM.

In this study, three cases are tested, depending on the simulated season day.

The PCM wallboard allows to reduce the overheating due mainly to solar

radiations during the summer time. Then, the first case tested is a summer

day. During the winter, the PCM composite included in walls stores surplus

of energy during the day and releases it during the night. This feature is then

examined simulating a winter day. The mid-season is the longest period of a

year; the third case tested is then a mid-season day.

The first part of this paper deals with a bibliographical review of the PCM

used in building walls (part 2). The experimental set-up is presented in the

part 3 of this article. The PCM composite, the experimental test cell and the

experimental protocol are fully detailed. In the third part, the experimental

results are analyzed in terms of comparative thermal performances for the
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cases with and without PCM wallboard. Finally, the part 5 concerns the main

conclusions of this study.

2 Bibliographical review

The PCM incorporated in building walls are used to enhance the storage

capacity of a light weight structure. Usually, the PCM is incorporated either

in gypsum or in concrete. In [7], dodecanol is incorporated in pumice concrete

block. Even if the results are interesting for energy storage, the latent heat of

the composite is relatively low. That’s why the most interesting possibility in

building application is the impregnation of PCM into porous material such as

plasterboard.

Fatty acids and organic phase change materials were used in [8], [9] and [10].

Various building materials were used to evaluate their absorption properties

and the resulting composites. The gypsum can absorb up to 25%wt of PCM.

The results show that gypsum-PCM composite can be used to reduce over-

heating.

Gypsum wallboard has also been studied, numerically and experimentally in a

full scale test room, in [11]. Their numerical results are in good agreement with

experimental data. moreover, the PCM used shows a decrease in overheating

and a decrease of energy consumption.

PCM can be microencapsulated for being included in building materials. How-

ever, thermal performances of the composite highly depend on the microen-

capsulation process [12]. In [13], micro-encapsulated PCM is integrated into

gypsum wallboard. full-size tests show that such composite lowers the tem-
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perature by up to 4◦C and significantly reduces the number of hours with

temperature above 28◦C.

The main problem with gypsum is the quantity of PCM that can be incorpo-

rated: the maximum weight ratio is about 30%wt. To overcome this problem,

[14] filled a PVC panel with polyethylene glycol phase change material. The

results show that the small test cell temperature amplitude decreases up to

20◦C.

On the whole, the use of PCM in classical building construction material is

limited by the possibility to incorporate an important quantity of material (up

to 30%wt in gypsum). The composite material tested in this paper constituted

of 60%wt of microencapsulated paraffin within a copolymer. Moreover, the

surface mass of the PCM composite is 4.5kg/m2 which is quite lower than

the plaster board value i.e. 8.1kg/m2 for a 10mm thickness. Then, it is an

interesting candidate for enhancing thermal storage capacity of light weight

buildings, especially for renovation.

3 Description of the experimental set-up

The aim of this article is to evaluate a composite PCM using a comparative

study. Thus, two series of experiments are led, with and without PCM. The

section 3.1 is dedicated to a physical presentation of the composite PCM

wallboard. The section 3.2 deals with the description of the full-scale test room

MINIBAT. Finally, in section 3.3 the experimental protocol is explained.
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3.1 Phase change material tested

The product tested, ENERGAINr has been achieved by the Dupont de

Nemours Society and is constituted of 60% of microencapsulated paraffin

within a copolymer. The final form of the composite PCM (see figure 1) is

a flexible sheet of 5mm thickness which density is about 900kg.m−3. The

thickness of the PCM is the result of a commercial compromise and allows

77% of optimal efficiency obtained with 1cm thickness [15].

The thermal conductivity has been measured using guarded hot-plate appa-

ratus [16]. The thermal conductivity is 0.22W.m−1.K−1 in liquid phase and

decreases to about 0.18W.m−1.K−1 in solid phase.

The composite PCM enthalpy has been measured using a differential scan-

ning calorimeter as illustrated in figure 2; the heating and cooling rate being

0.05Kmn−1. The thermal analysis is presented for the range [−20◦C; 35◦C].

Two curves are presented: the freezing curve (cooling from 35◦C to −20◦C)

and the melting curve (heating from −20◦C to 35◦C).

From the DSC curves, melting and freezing temperatures are 13.6◦C and

23.5◦C respectively. The measured latent heats of melting and freezing are

respectively 107.5J/g and 104.5J/g ;and 72.4J/g and 71J/g for the range

[5◦C; 30◦C]. The table 1 reports thermal energy storage data from literature

concerning building materials. From this table, the composite PCM described

in this article has an important potential of thermal energy storage in build-

ing walls. This particularity is due to the possibility to incorporate much more

PCM in the polymeric material than in a traditional construction material,

for example:
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⋆ 26wt% of fatty acids PCM in gypsum - see [22],

⋆ 35wt% of paraffin in gypsum - see [23],

⋆ 5.6wt% of butyl sterate PCM in concrete block; 8.6wt% of paraffine in

concrete block - see [24].

3.2 The test cell MINIBAT

The experimental full scale test room MINIBAT is located in the test hall

of the Department of Civil Engineering and Urban Planning of the National

Institute of Applied Sciences in Lyon (CETHIL-INSA de Lyon, France). The

figure 3 represents a scheme of the experimental set-up. The test room is com-

posed of two identical enclosures called test cell 1 and 2. In our experiments,

only the cell 1 has been used and then is called test cell in the rest of the

paper.

The test cell, of volume 3.10x3.10x2.50m3, is bounded on five sides by air

volumes regulated at a constant temperature (the thermal guard). The sixth

face is a glazed facade which isolates the test cell from a climatic chamber.

A solar simulator completes the experimental set-up and allows to generate

short-wave radiations in the test cell.

3.2.1 The thermal guard

The air in the thermal guard is controlled by the means of an air treatment

system. Air diffusers are installed in the upper part of the thermal guard air

whereas the air is extracted in the lower part. The configuration of the air

distribution allows an acceptable air mixing inside the thermal guard. The air
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temperature inside the zone is entirely controlled with an accuracy of ±0.5◦C.

The temperature of the thermal guard is set to 20.5◦C in our experiments to

simulate adjacent rooms.

3.2.2 The climatic chamber

The climatic chamber temperature can vary between −10◦C and 40◦C and can

be dynamically controlled so that any temperature evolution can be generated.

Fans are also used to obtain a homogeneous temperature in the chamber.

3.2.3 The solar simulator

In order to have a light source which reproduces best the solar effects, 1000W

CSI lamp is selected (gas-discharge lamps with metal halide). The figure 4

presents the comparison between CSI lamp and solar spectrum [25].

12 spotlights are placed on 3 horizontal lines (see figure 5), each line being

tilted of an angle α: for line A α = 0◦, for the line B α = 25◦ and for the line

C α = 50◦.

The radiative flux thus created penetrates in the cell via the glazed wall. The

control makes it possible to dynamically control the level of radiative flux by

the means of the number of lit spotlights.

3.2.4 The test cell

The compositions of the walls are described in the table 2. The physical char-

acteristics of the materials used are summarized in table 3. All the opaque

walls are covered with the same coating: a gray diffuse paint which physical
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properties are a solar absorptivity αs = 0.67 and a global emissivity εg = 0.95.

3.2.5 The measurement devices

All the faces temperatures (internal and external) are measured using thermo-

couples of resolution ±0.4◦C, each face being equipped with 9 thermocouples.

The temperatures of the climatic chamber and the different parts of the ther-

mal guard are measured using Pt100 probes with an accuracy of ±0.3◦C. The

air temperature of the test cell is measured using radiation shielded Pt100

probes: the first one is positioned in the middle of the room at a height of

85cm ; the second one is at a height of 170cm. The time evolution of the

vertical radiative flux density on the glazed facade is measured using a pyra-

nometer.

The acquisition of the various parameters is done by the means of a multiplexer-

multimeter connected to a PC. The control of the whole of the apparatuses,

except climatic control, is made using software LABVIEW. The time step cho-

sen between two series of measurement is 10mn and the duration of each test

is three days. The results presented in the paper concern the two last days,

the first being used to erase initial conditions effects.

3.3 Experimental protocol

Three of the test cell walls are modified to include, or not, the composite

PCM described in part 3.1. The locations of these walls are shown in figure 5:

these are north, east and west walls. The configurations of the walls with and

without PCM are described in figure 6.
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The U-value is used to characterize the wall transmittance and is defined as:

1

U
=

∑

i

ei

λi

(1)

with ei the thickness of the layer i and λi its thermal conductivity.

Due to composite PCM properties, the U-value of the two walls tested are

very close, with a value of about U = 0.59W/m2K. This feature is important

to neglect the PCM composite insulation property in the problem.

The test presented in this article are of three types:

• a summer day case, for which the temperature of the climatic chamber

varies between 15◦C and 30◦C. In this case, there is a night cooling. For that

purpose, a ventilation is switched-on between [6h − 18h] and [30h − 42h]

(according to figure 7 it corresponds to the Tcl < 22.5◦C - the time scale of

the figures does not correspond to a day time scale), the airflow rate being

92m3/h (ie. 3.8ACH) and the air coming from the climatic chamber. Such

night ventilation is suitable to improve the PCM storage/release effects [26].

• a mid-season day case, for which the temperature of the climatic chamber

varies between 10◦C and 18◦C.

• a winter day case, for which the temperature of the climatic chamber varies

between 5◦C and 15◦C. A 1500W heating system has been placed into the

room with a regulation at 20◦C (the heating system works when the tem-

perature in the room is below 20◦C).

For all the cases tested, the solar radiative fluxes are the same. The climatic

chamber temperature Tcl and the radiative fluxes (E) are presented figure 7.

Obviously, these conditions are the same for the cases with and without PCM

materials. We can notice the good repeatability, for the chosen period of 24h,
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of the controls of the climatic chamber temperature and lighting of the pro-

jectors.

In conclusion, the experimental methodology allows us to obtain a complete

boundary conditions description and the temperatures inside the test cell, the

following values being dynamically measured:

¨ the interior and exterior wall surface temperatures,

¨ the room air temperature in the middle of the room and at two different

heights,

¨ the climatic chamber temperature,

¨ the radiative flux density in front of the glazed façade on the climatic cham-

ber side.

4 Analysis of comparative thermal performances

This section is devoted to an analysis of the thermal performances of the PCM

wallboard. This analysis is held by comparing the results for the cases with

and without PCM composite in the walls. The data compared are the room air

temperature (figures 8, 10 and 12) and the modified wall surface temperature

(figures 9, 11 and 13). The sections 4.1, 4.2 and 4.3 deals with the comparisons

for the three cases considered in this study; the section 4.4 summarizes the

results.
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4.1 Experimental results for the summer case with night ventilation

Figure 8 shows the room air temperature profiles for the PCM and regular

wallboards. With regular wallboards, the air temperature is varying between

a minimum of 18.9◦C and a maximum of 35.3◦C and 36.6◦C for the probes at

respectively heights 85cm and 170cm. The difference between the two maxi-

mum temperature for the two probes at different heights is due to the thermal

stratification of the room air. With PCM wallboards, the air temperature is

varying between a minimum of 19.8◦C and a maximum of 32.7◦C. Then, the

PCM included in the walls allows to reduce the temperature fluctuations in

the room: the maximum air temperature value decreases of about 3.9◦C while

the minimum air temperature increases of about 0.8◦C.

In this paper, the PCM effect on indoor air temperature is investigated using

the decrement factor f . The decrement factor is the ratio between the ampli-

tude of the indoor air temperature in the cell with PCM and the amplitude

of the reference test cell air temperature (ie. with regular wallboards). For the

summer case, the decrement factor is f = 0.79.

An interesting observation concerns the differences between temperatures T1

and T2. A thermal stratification exists in the case of regular wallboards (a

difference of 1.3◦C for the temperature maximums between the two probes).

This thermal stratification does not exist for the PCM wallboards. This must

be due to higher natural convection effects. This effect improve the thermal

comfort (by avoiding thermal stratification) and ,as we know, has never been

observed before.

Figure 9 shows the evolutions of mean temperatures for the interior surfaces
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of the three modified walls, and for the cases with and without PCM material.

The PCM walls temperature fluctuations are lower than for the ordinary walls;

the evolutions of the east and west walls interior temperatures being similar.

It is interesting to emphasize that the temperature evolution curves with and

without PCM have a phase difference of about 40mn. The last remark is valid

for all the three cases tested: the PCM material ”adds” inertia to the wall.

Concerning the east and west walls temperature curves, the PCM material

causes a decrease of the temperature amplitude of about 3.5◦C. For the north

wall, this decrease of the amplitude is about 2.8◦C. This value is lower than

for east and west walls because the solar radiations are more important on the

north wall.

4.2 Experimental results for the mid-season case

Figure 10 shows the room air temperature profiles for the PCM and regular

wallboards. With regular wallboards, the air temperature is varying between

a minimum of 17.4◦C and a maximum of 30.8◦C and 33.5◦C for the probes

at respectively heights 85cm and 170cm. With PCM wallboards, the air tem-

perature is varying between a minimum of 17.8◦C and a maximum of 30.7◦C

and 29.0◦C for the probes at respectively heights 85cm and 170cm. Then, the

PCM included in the walls allows to reduce the temperature fluctuations in

the room: the maximum air temperature value decreases of about 2.3◦C while

the minimum air temperature increases of about 0.4◦C.

For the mid-season case, the decrement factor is f = 0.78.

The figure 11 shows the evolutions of mean temperatures for the interior sur-
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faces of the three modified walls, and for the cases with and without PCM

material. Concerning the east and west walls temperature curves, the PCM

material causes a decrease of the amplitude of about 2.6◦C. For the north

wall, this decrease is about 1.3◦C.

4.3 Experimental results for the winter case

Figure 12 shows the room air temperature profiles for the PCM and regular

wallboards. With regular wallboards, the air temperature is varying between

a minimum of 18.6◦C and 18.1◦C and a maximum of 30.4◦C and 32.2◦C for

the probes at respectively heights 85cm and 170cm. With PCM wallboards,

the air temperature is varying between a minimum of 18.6◦C and 18.1◦C and

a maximum of 28.7◦C and 28.4◦C for the probes at respectively heights 85cm

and 170cm. Then, the PCM included in the walls allows to reduce only the

maximum air temperature in the room of about 4.2◦C.

For the winter case, the decrement factor is f = 0.73.

The figure 13 shows the evolutions of mean temperatures for the interior sur-

faces of the three modified walls, and for the cases with and without PCM

material. Concerning the east and west walls temperature curves, the PCM

material causes a decrease of the temperature amplitude of about 2.9◦C. For

the north wall, this decrease is about 1.9◦C.
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4.4 Discussion

Three different external climates are tested to evaluate the potential of the

PCM wallboards. For the three cases, the PCM wallboards allow to reduce the

air temperature of the room, compared with regular wallboards. The decre-

ment factor of the air temperature amplitude is varying between 0.73 and 0.78.

The lower decrement factor, which corresponds to the most efficient PCM use,

concerns the winter case with the lower air temperature.

On the whole, the PCM tested enable to maintain the room air temperature

within the comfort zone by decreasing the maximum air temperature of the

room to a maximum value of 4.2◦C.This enhancement of the thermal comfort

is more important if considering that the wall surface temperatures are also

lower for the PCM wallboards than for the regular ones.

The last interesting observation concerns the thermal stratification of the room

which exists for regular wallboards but not for the PCM wallboards. Of course,

no thermal stratification means that natural convection exists in the room with

PCM wallboards or is enhanced with PCM wallboards. Further investigations

are needed to evaluate this effect, but it is not the purpose of our paper.

5 Conclusions

In order to investigate light building envelop, an experimental research has

been carried out with wall containing PCM material. This is one of the rare

study allowing a differential analysis of walls with and without PCM material,

under controlled thermal and radiative effects. The tests concern the behavior
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of the test cell for summer, mid-season and winter cases.

Including the PCM wallboard reduces the air temperature fluctuations in the

room. The decrement factor observed for the cases with PCM wallboard and

with regular wall is about 0.7 for all the season tested. The wall surface tem-

peratures fluctuations are also reduced.

For a building application, the PCM composite is interesting to enhance the

human thermal comfort for three main reasons:

• The PCM material included in the walls strongly reduces the overheating ef-

fect (and the energy stored is released to the air room when the temperature

is minimum).

• The wall surface temperature is lower when using PCM wallboard, then the

thermal comfort is enhanced by radiative heat transfer.

• The natural convection mixing of the air is also enhanced by PCM material,

avoiding uncomfortable thermal stratifications.

In order to validate the use of PCM wallboard for light weight building envelop,

further investigations are needed. Numerical simulations must be carried out

too, in order to investigate the total gain for real buildings. We think that

the results described in this article can then be used as reference test-case for

validations of numerical codes. We also need to look at modifications of the

PCM wallboard position to enhance storage effects.

Finally, the experimental set-up is fully described sot that the data presented

in this study can be used for the validation of PCM numerical modeling.
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Composite PCM melting point freezing point latent heat reference

[◦C] [◦C] [J/g]

methyl palmitate-sterate/gypsum 22.6 23.8 41 [17]

dodecanol/gypsum 20 21 47 [7]

dodecanol/pumice concrete block 12 14.9 12.7 [7]

capric-lauric acids/gypsum 19.1 35.2 [18]

capric acid/perlite 31.8 31.6 98.1 [19]

capric acid/perlite 31.8 31.6 98.1 [19]

capric-lauric acids/gypsum 15.0 24.3 39 [20]

emerest2326/gypsum 16.9 19.3 35 [21]

composite PCM 13.6 23.5 106 present study

Table 1
Thermophysical properties of some composite PCM from literature.
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wall material thickness [mm]

floor concrete 200

vertical wall plaster 10

polystyrene 50

plaster 10

wood plate 50

ceiling plaster 10

wood plate 8

insulating material 55

wood plate 25

glazed facade glass 10

Table 2
Compositions of the walls - materials are given from interior to exterior.
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density heat capacity thermal conductivity

[kg/m3] [J/kgK] [W/mK]

concrete 400 919.5 0.16

plaster 817 1620 0.35

wood plate 544 1640 0.136

polystyrene 35 1210 0.04

insulating material 200 362.8 0.06

glass 2500 770 1.00

Table 3
Physical characteristics of the test cell materials.
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Fig. 1. Dupont de Nemours material.
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Fig. 8. Temperatures in the room for the summer case with ventilation - T1 at height
0.85m and T2 at height 1.70m.
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Fig. 9. Experimental mean temperatures of the interior surfaces of east wall (a),
west wall (b) and north wall (c) - summer case with ventilation.
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Fig. 10. Temperatures in the room for the mid-season case - T1 at height 0.85m and
T2 at height 1.70m.
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Fig. 11. Experimental mean temperatures of the interior surfaces of east wall (a),
west wall (b) and north wall (c) - mid-season case.
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Fig. 12. Temperatures in the room for the winter case - T1 at height 0.85m and T2

at height 1.70m.
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Fig. 13. Experimental mean temperatures of the interior surfaces of east wall (a),
west wall (b) and north wall (c) - winter case.
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