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Thermal insulation of walls and roofs by PCM:
modeling and experimental validation

Kamal A. R. Ismail, J. N. Castro, Fatima A. M. Lino

Abstract— In hot and tropical countries external walls and roofs
receive solar radiation absorbing part of it and transmitting a
substantial part to the internal ambient provoking thermal
discomfort. In cold climate heat is usually lost to the external
ambient and again causing thermal discomfort. In both cases the
thermal energy load is increased. For these reasons many studies
were dedicated to investigate techniques for improving the
thermal performance of walls and roofs. One of the most viable
techniques is the use of PCM as thermal insulation filler that
increases the thermal inertia of the component at relatively low
cost and without substantial increase of weight. The formulation of
the problem of the PCM composite wall is based on one
dimensional pure conduction model for the PCM and the walls.
The numerical solution involves moving grid for the PCM. The
computational grid was optimized to eliminate grid size effects.
The model was extended to treat the roof problem. The numerical
predictions were compared with experimental results and
reasonably good agreement was found. Additional numerical and
experimental results were presented and discussed.

Index Terms— Energy reduction in buildings, passive thermal
comfort, PCM walls, PCM roofs, solar heat gain.

I. INTRODUCTION

Thermal storage plays an important role in building energy
conservation. This is greatly accomplished by the incorporation
of latent heat storage in building components. This technique is
very attractive because of the high storage density with small
temperature swing. Thermal energy storage in walls, ceilings
and floors of buildings may be enhanced by embedding PCM
within these construction elements. Increasing the thermal
storage capacity of a building can decrease the internal
temperature oscillations.

The use of PCMs in buildings provides the potential for a
better indoor thermal comfort and lower energy consumption
due to the load reduction/shifting. Hence a good knowledge of
the dynamic energy performance of buildings using PCM is
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essential for building designers to better understand building
temperature response, enhancing indoor environmental quality
and overall energy efficiency of buildings.

Solar walls have been studied for decades as a way of heating
building from a renewable energy source due to their high
storage capacity. However, this increases their weight and
volume, which limits their integration into existing building. To
alleviate this problem, storage mass is replaced by phase change
materials which allow storing a large amount of energy in a
small volume and permits retrofitting through use of light
prefabricated module. In this type of application the PCM must
have high thermal conductivity to have a significant reduction of
the building energy consumption. Another important factor is
that the calculated PCM mass must be sufficient to ensure that
the PCM does not melt completely before the sunset and does
not re-solidify completely before the sunrise.

The same technology of incorporating PCM in walls can be
used for PCM roofs and floors to enhance thermal comfort in
the interior space of a building and economize energy
consumption.

Bernard et al. [1] reported the results of a comparative
experimental study on PCM and sensible heat thermal walls.
The energy gain of the PCM wall and the internal temperature
variations were compared with those of the concrete wall. It was
found that the PCM wall had better thermal performance and a
mass of about 1/12 the mass of the concrete wall, thus suitable
for retrofit.

Ismail and Castro [2] presented the results of a numerical and
experimental study of walls and roofs filled with PCM to
achieve passive thermal comfort. The thermal model is
one-dimensional controlled by pure conduction. Comparison
between the simulation results and the experiments indicated
good agreement. Further analysis indicated that the concept
could effectively help in reducing the electric energy
consumption, improve the energy demand pattern and reduce
greenhouse emissions.

Carbonari et al. [3] used a finite element numerical algorithm
validated with experimental results for the simulation of the
problem of heat transfer with phase change. Good agreement
was found between the numerical predictions and experiments.

Tyagi and Buddhi [4] presented a comprehensive review of
possible methods for heating and cooling in buildings such as
PCM Trombe wall, PCM wallboards, PCM shutters, PCM
building blocks, air-based heating systems, floor heating,
ceiling boards, etc. All these systems have good potential for
reducing the energy demand of heating and cooling in buildings.

It has been demonstrated that increasing the thermal storage
capacity of a building can enhance human comfort by
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decreasing the frequency of internal air temperature swings,
temperature close to the required temperature as in [5, 6, 7].

In conventional buildings thermal mass is a permanent
building characteristic and not necessarily optimum in all
operational conditions. Hoes et al. [8] proposed a concept that
combines the benefits of buildings with low and high thermal
mass by applying hybrid adaptable thermal storage systems and
materials to a lightweight building. Calculations show heating
energy demand reductions of up to 35% and increased thermal
comfort compared to conventional thermal mass concepts.

Thermal mass combined with other passive strategies can play
an important role in buildings energy efficiency, minimizing the
need of space-conditioning mechanical systems. However, the
use of lightweight materials with low thermal mass is becoming
increasingly common. PCM can add thermal benefits to
lightweight constructions as in [9, 10, 11, 12, 13, 14].

Sajjadian et al. [15] presented a method to assess the effect of
PCMs on thermal comfort and energy consumption in UK
dwellings in summer months. It was shown that appropriate
levels of PCM, with a suitable incorporation mechanism into the
building construction, can reduce discomfort and cooling
energy loads.

Roofs also received a special attention and dedicated
experimental, numerical and full scale experimental studies to
investigate their contribution to the thermal comfort of the
occupants of a building. Saman et al. [16] analyzed the thermal
performance of a roof integrated solar heating system developed
for space heating of a home. Warm air delivered by a roof
integrated collector is passed through the spaces between the
PCM layers to charge the storage unit. The results are compared
with a previous analysis and reasonably good agreement was
found.

Other additional studies on modeling, numerical treatment
and experiments involving small scale and full scale models
were also reported as in [2, 17, 18, 19, 20, 21].

The objective of this paper is to demonstrate the viability of
using PCM incorporated in walls and roofs to increase the
thermal inertia of the system and reduce the temperature
variations and energy losses. The models were solved
numerically and the results were validated against experimental
results. The comparisons showed reasonably good agreement
confirming the potential of the concept in reducing energy gains
and maintaining thermal comfort in buildings.

Il. MODELING OF THE PCM WALL AND ROOF

A. Wall with PCM

The composite wall is made of conventional construction
material having a total thickness as a conventional wall and with
the space between the walls filled with PCM as shown in Fig. 1.
The composite wall is subject to solar radiation on the external
side, heat conduction in the first solid wall, conduction in the
PCM layer, conduction in the second wall and convection on the
surface of the second wall facing the internal ambient. In the
model formulation convection in the PCM liquid phase,
interface resistance between the wall and PCM, and edge effects
are neglected.

Liquid Solid

External wall Internal wall TinPin

X

!

x=0 x=1

Fig. 1 Layout of the PCM wall problem with relevant data.

Additional assumptions include constant physical properties
,constant convection heat transfer coefficients, and that the
variation of the external wall temperature is according to the
energy balance between the incident radiation and the involved
heat transfer mechanisms, that is, conduction, convection and
radiation.

Considering that there is no viscous dissipation, no
compressibility and constant specific mass, one can write the
energy equation in the form:

oT;
— =o;VT; 1
ot iVl 1)

Where i =a,b,c
a = external wall, b = PCM, ¢ = internal wall.

Considering the symmetry of the temperature field along the
length and height of the wall, and that the physical properties are
uniform and independent of the temperature, equation (1) is
reduced to Fourier equation as

i _ o

2
8’[ IaXZ ()

Where i =a,b,c

Equation (2) can be applied to the external wall, PCM and the
internal wall.
A) External wall

For the external wall, one can write
aT o°T,

— %o
ot OX

a

0<x<a 3)

The boundary conditions are

a) The external wall face, x = 0, the energy balance yields
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6T
ot

= hey (Ts — Ta(x=0 )) (4)

Where

T, - eAar

050l Qs (1) + Ny Tex —
hex
Qs(t) = Solar insulation.

Q)

By using Hottel’s model [22] for the direct radiation, the
model due to Liu and Jordan [23] of the diffuse radiation and the
available climatic data it is possible to simulate the global
radiation on a horizontal surface, the solar temperature and the
temperature of the external ambient.

Te= Hourly external air temperature for the adopted days of
the month, determined according to ASHRAE [24] and the
regional climatic data.

hex= External convection coefficient obtained from [24].

gAR = Long wave length resultant radiation obtained from [24].

b) At x = a, it is possible to have one of the following
conditions according to the situation,

bl) Sub cooled PCM at temperature below its phase change

temperature

aT,
: X X=a

oT,
) X x=a

(6)

b2) PCM at the phase change temperature and with heat

flux to form a thin Iayer of liguid PCM
oT AU
a | = @)
OX |\a dt ax
b3) PCM in the liquid phase
0Ty oT
ke—2| =k, —* (8)
OX |y—q OX |y
PCM region

Due to phase change process, one has three sub regions, that
is, liquid phase, fusion interface and solid phase.

For the liquid and solid phase, one can write:

e ©
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Where

j= ¢ =liquidata< x < a + s(t)
j=S =solidata+s(t)< x <a+hb

For the interface position X = a + S(t) and from the energy
balance

sy AN ds(t)

10
Sot ot dt (o)

The boundary conditions for these situations are:

a) At x = a, the boundary conditions are the same as in item

(b) in the first region.
b) At x=a+5S(t) eq. (10) is the boundary condition
together with
Ty=Ts=Tn (12)
c) At X=a+Db, two boundary conditions are possible
depending on the localization of the phase

change interface.

cl) As long as there is a solid phase

oT, oT,
s =K (12)
8X x=a+b aX x=a+h
¢2) When there is only liquid phase
aT, oT
k,— = (13)
6X x=a+h 6X x=a-+h
Internal wall
T, 0°T,
—=q, cvalidfor a+b<x<a+b+c (14)
ot ox2

The boundary conditions are:
a) Atx=a+ b, the same as those of case (c) in the second
region;
b) Atx=a+b+c

K Tin) (15)

Tin is the internal ambient temperature kept constant.

The proposed model is solved numerically by the finite
difference technique in the regions where there is no moving
interface. In the phase change region the numerical solution was
done using moving grid as suggested by Murray and Landis

c _XC = hin(Tc(x=a+b+c) -
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[25]. Numerical tests were realized to establish the grid size
which makes the results independent of the grid size.

B. Roof with PCM

In this case the roof is built using conventional construction
materials with a layer of PCM. The PCM roof is subject to solar
radiation on the external face, heat conduction in the PCM layer,
conduction in the concrete and convection on the internal
surface facing the internal ambient as shown in Fig. 2.
Convection in the PCM liquid phase, the contact resistance
between the concrete slab and PCM, and edge effects were
neglected. It is assumed that the physical properties and the
convection heat transfer coefficients are constant. It is also
assumed that the variation of the external wall temperature is
according to the energy balance between the incident radiation
and the involved heat transfer mechanisms, that is, conduction,
convection and radiation.

A External air
y
. Tl gy
Plastic Ta,0 o
Liquid
PCM
. Solid
Plastic | & Concrete slab y BGM
< 4 A X
; , i e
Ted Tinshy

™ |nternal ambient
Fig. 2. Layout of the PCM roof problem showing the relevant data.

In a similar manner the model is constructed following the
same steps as in the case of the wall and putting the boundary
conditions according to the position across the composite roof.
The details of the model are not presented for the sake of
brevity.

A similar computer program is written in FORTRAN and
solved numerically by finite differences in the regions where
there is no moving interface. In the phase change region the
numerical solution was done using moving grid as suggested by
[25]. Numerical tests were realized to optimize the grid size.

I1l. EXPERIMENTS ON PCM WALL AND ROOF

To validate the experimental model and the numerical
predictions an experimental installation was constructed as
shown in Fig. 3, using conventional construction materials. A
small room has a conventional roof and conventional
north-facing wall. The second room has a PCM movable wall
and roof. The north-facing wall and the roof were designed to be
movable to permit testing walls and roofs of different

configurations. The composite wall is formed of two parallel
walls constructed from conventional bricks and the spacing in
between is filled with PCM. The PCM is contained in plastic
bags arranged in a layer of 2.0 or 4.0cm thickness. Both walls ,
the conventional and the PCM wall, were instrumented with
calibrated thermocouples placed across the wall thickness and
across the PCM layer.

\(PCM layer

7~:§>ECM
]
Internal wall
Measurement Test room Ext il
room || External wa

_ ase
N Wheels

Fig. 3 The PCM wall and roof testing facility.

The two roofs were also constructed from conventional
material, one fixed permanently in place while the other is
movable covered with a layer of PCM contained in plastic bags.
The PCM used is the same as that used in the wall assembly.
Temperatures were measured by calibrated thermocouples
poisoned across the roof and the PCM layer. Thermocouples
were also fixed on the walls and roof internal and external
surfaces. A general section of the test facility is shown in Fig. 3.

The structure, details and overall dimensions of the moving
PCM wall are shown in Fig. 4a while Fig. 4b shows the details
of the PCM moving roof.

The bricks used in the simulation are the same as normally
used in constructing residences and their properties and
dimensions are presented following

e Dimensions: 20 x 10 x 5 cm;

e Thermal conductivity = 0.7 W/m. K;
e Specific mass = 1600 kg/ m*, and

o Specific heat = 840 J/kg. K.

The PCM used in this study is a mixture of commercial
polyethylene glycol (available in the laboratory at the time)
known commercially as ATPEG or PEG. We formulated a
mixture of PEG 600 whose fusion temperature is 23 °C and PEG
1000 whose temperature range is 35-36 °C. Different mixtures
of PEG 1000 with PEG 600 were made and tested to determine
the desired fusion temperature range. It was found that the
mixture ratio of one part of PEG 1000 to four parts of PEG 600
gave a fusion temperature range of 21.5-25.5 °C which is the
temperature range for this study.
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(b) Details of PCM roof.
Fig. 4 Sections of the test facility showing details of the PCM wall and roof.
For this mixture additional tests were realized to determine the

latent heat of fusion and the specific heat by using DSC
calorimetry and the result is shown in Fig.5a.

8,01
Sample: PEG 600 = 80%
PEG 1000= 20%
Size: 2.24 mg
10.0f Rate: 20 degree/min

12.0

Heat flow rate, mW

14.0

16.0

1 1
15.0 35.0 55.0 75.0 95.0

Temperalure,QC

Fig.5a. Fusion diagram of the mixture 4:1 PEG 600 and PEG 1000.
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The following results were found:
o Latent heat of fusion = 150.5 kJ/kg
o Specific heat of solid at 20 °C = 1.64 kl/kgK
o Specific heat of liquid at 40 °C = 1.87 ki/kgK

The specific mass of the mixture was determined by
measuring the mass and volume at different temperatures in the
case of the liquid phase and the results are shown in Fig. 5b. In
the case of the solid phase at temperature 20 °C the specific
mass is 1135.4 kg/m°.

The thermal conductivity was measured by the hot plate type
apparatus for the determination of thermal conductivity of
liquid. The thermal conductivity at 40 °C is 0.53 W/mK.

1,120+

1,115

Specific mass, kg/nt

1,110F

1,105

30 35 40 45

Temperature,’C

Fig. 5b. Variation of the specific mass of the PCM mixture (4:1 PEG 600 in
PEG 1000) with temperature.

IV. RESULTS AND DISCUSSION

Fig. 6 shows the transient temperature variation across a
conventional wall composed of two half brick laid side by side.
The solar radiation incident on the right side of the graph, heats
up the external side which passes over this heat to the internal
ambient air by conduction and convection causing its
temperature to increase progressively. At night the external
temperature drops down and consequently, heat is transferred in
the opposite direction that is to the external ambient causing the
internal ambient temperature to decrease too.

If a layer of PCM is inserted between the bricks the
temperature distribution across the wall changes, as shown in
Fig. 7. The solar radiation hitting the external wall when reaches
the PCM layer is used to melt the PCM which remains at its
melting temperature as long as there is some solid PCM.
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Fig. 6 Temperature profile across a section of a conventional wall.
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Fig. 7 Temperature profile across a section of a brick wall and PCM layer of
40.0 mm thickness.

In this way it acts as a thermal barrier against heat transferred
from the external side of the wall. If the thickness of the PCM
layer is calculated correctly (that is PCM does not melt
completely until sunset), the internal ambient will not suffer any
temperature change as a result of the heat transferred from the
external wall. At night when the external temperature drops
down, the external wall temperature will drop down and heat
will be transferred from the melt PCM to the external ambient,
without affecting the internal ambient temperature, until sun rise
and the process is repeated.

Fig. 8 shows the case when the PCM thickness is smaller than
the value necessary to perform thermal insulation in a full cycle.

700 /,

Temperature, C
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10.0
0.0 40 80
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Fig. 8 Temperature profile across a section of a brick wall and PCM layer of
20.0 mm thickness.

In this situation all the PCM layer melts and its temperature
starts to increase above the phase change temperature and
consequently some heat is transferred to the internal ambient
causing its temperature to increase. At night time when the
external ambient temperature drops down the external wall
temperature will decrease and heat will be transferred from the
melt PCM to the external ambient until all the PCM is solidified.
At this stage the heat transfer will continue from the internal
ambient to the external ambient and gradually lowering the
internal temperature.

Similar results and effects are found for the case of roof with
and without PCM. The results are omitted for brevity.

In order to validate the numerical, the model and the
predictions experiments were realized for the cases of wall and
roof with and without PCM. The data from the experimental
measurements were fed as entries to the simulation program.
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Fig. 9 shows a comparison between the numerical prediction
and the experiments for the internal and external wall
temperatures. As can be seen, the agreement is reasonably good.

Temperature,’C

Fig. 9 Hourly variation of the numerical and experimental temperature of the
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Fig.10 Hourly variation of the numerical and experimental temperature of the
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Fig. 10 shows a comparison for the case of wall with PCM. As
can be seen, the internal ambient temperature is maintained
constant near the pre established value and the agreement
between predictions and experiment is reasonably good.

The comparative results for the case of roofs without and with
PCM are shown in Figs. 11 and 12. One can see the insulating
effect due to the PCM layer.

420
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220 /
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> o Numerical S—
18.0 A ° Experimental 0 X

7.0 9.0 1.0 13.0 15.0 17.0 19.0
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Fig. 11 Hourly variation of the numerical and experimental temperature of the
external and internal faces of a conventional roof.
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Fig. 12 Hourly variation of the numerical and experimental temperature of the
external and internal faces of a PCM roof.
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Fig. 13 shows a comparison between the numerical
predictions and the experimental measurements of the transient
variation of the temperature across a conventional wall. As can
be seen, the increase of the external ambient temperature results
in a corresponding increase of the internal ambient temperature,
which can reach 29 °C as shown in Fig. 13.
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Fig. 13 Hourly variation of the external and internal surface temperatures of a
conventional wall.
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Fig. 14 is for a similar PCM wall and as one can observe, the
presence of the PCM layer absorbs the heat conducted across
the brick layer and melts the PCM. In this manner the internal
ambient temperature is maintained constant at the phase change
temperature. Observe that in this experiment the thickness of the
PCM layer is 4 cm enough to cope with a full daily cycle without
total melting or total solidification of the PCM layer.
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Fig. 14 Hourly variation of the external and internal surface temperatures of a
brick wall with a PCM layer.
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In the case of conventional and PCM roofs, similar results are
found when comparing the temperature distribution across the
roof’s material.

Fig. 15 shows experimental temperature distribution on a
conventional wall during a day. As can be seen, the increase of
the temperature on the external side facing the sun is conducted
with a time lag to the internal ambient. The difference in
temperature at the contact region between the two walls is due to
the imperfect contact between them.
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|
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00 20 40 60 80 100 120 140 160 18.0
Distance across the wall, (cm)

Fig. 15 Hourly variation of the external and internal temperatures across the
thickness of a conventional wall.

Fig. 16 belongs to the same experiment and shows the
transient variation of the internal and external ambient
temperatures as well as the temperatures of the internal and
external surfaces of the wall.

51.0
&
45.0
o ,;/\
2 P
e & A\
2 410 / L
) b
£ § A
8 390 £ \
/ %

Temp. of internal surface|
A Temp. of internal surface
o Room Temperature

° External ambient temp.

7.0 9.0 1.0 130 150 170 = 190
Hour of the day, (cm)

Fig. 16 Hourly variation of the external and internal temperatures of a
conventional wall.

Fig. 17 shows the experimental variation of the temperature
across the PCM wall during a day. As can be seen, the variation
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of the external wall temperature is attenuated when passing
through the PCM layer and a small amount is passed over to the
internal ambient. In this experiment, the PCM layer is only 2 cm
not enough for thermal insulation during a daily cycle. One can
also observe a better thermal contact resistance because the
PCM nplastic bags soft and takes the shape of the space where
they are inserted.
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Fig. 17 Hourly variation of the external and internal temperatures across the

Fig. 18

thickness of a brick wall with PCM layer of 20.0 mm.

shows the transient variation of the internal and

external ambient temperatures as well as the temperatures of the
internal and external surfaces of the wall.
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Fig. 18 Hourly variation of the external and internal temperatures of a brick

wall with PCM layer.
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Fig. 19 shows the temperature distribution across a PCM wall
of 4 cm of PCM layer. The solar radiation incident on the
external side of the wall passes through the PCM layer and is
used to melt the PCM and hence maintains the temperature of
the internal ambient nearly constant at the melting temperature.
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Fig. 19 Hourly temperature variation across a brick wall with a PCM layer of
40.0 mm thickness.

Fig. 20 shows the temperature variation across the
conventional roof. When the external ambient temperature
increases due to solar radiation, this causes a corresponding
increase in the inner surface temperature reaching relatively
high temperature.
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The insertion of a PCM layer changes drastically the
temperature in the internal ambient due to the fact that the PCM
layer acts as shield against heat penetration into the internal
ambient. The heat transferred across the PCM roof is used to
melt the PCM and the temperature remains at the fusion
temperature as long as there is a solid PCM as can be seen in
Fig. 21.
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Fig. 21 Hourly temperature variation across a roof with a layer of PCM of 20.0
mm.

V. CONCLUSIONS

The results of this investigation reveal that the proposed
model and its numerical predictions agree reasonably well with
the experimental results and that the numerical model are
capable of representing well the PCM wall and roof. It is
confirmed experimentally that the PCM layer can reduce the
heat gain, maintain the internal ambient temperature nearly
constant and hence reduce the cooling load.
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