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Abstract

In construction, the use of phase change materials (PCM) allows the storage/release of energy from the solar radiation and/or internal
loads. The application of such materials for lightweight construction (e.g., a wood house) makes it possible to improve thermal comfort
and reduce energy consumption. A wallboard composed of a new PCM material is investigated in this paper to enhance the thermal
behavior of a lightweight internal partition wall. The paper focuses on the optimization of phase change material thickness. The in-house
software CODYMUR is used to optimize the PCM wallboard by the means of numerical simulations. The results show that an optimal
PCM thickness exists. The optimal PCM thickness value is then calculated for use in construction.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Because we spend most of our time in enclosed spaces,
technology to improve the thermal comfort of buildings
has steadily increased, causing a corresponding increase
in energy consumption. As a consequence, this has
increased the release of polluting agents into the natural
environment. Integrating phase change materials (PCM)
into building walls is a potential method for reducing
energy consumption in passively designed buildings. This
tendency is confirmed by numerous papers. For a review,
see in [1].

The use of PCM materials for construction has been a
subject of considerable interest in the last decade. An inter-
esting feature is that they can store latent heat energy, as
well as sensible energy. As the temperature increases, the
material changes phase from a solid to a liquid. As this
physical reaction is endothermic, the PCM absorbs heat.
Similarly, when the temperature decreases, the material
changes phase from a liquid to a solid. As this reaction is
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exothermic, the PCM releases heat. The main disadvantage
of light weight buildings is their low thermal inertia. Obvi-
ously, they tend to undergo large temperature fluctuations
due to external cooling or heating loads. Using PCM mate-
rials in such buildings allows the reduction of temperature
fluctuations. This have been proven in several numerical
studies [2-5]. The main problem lies in how to include
PCM in building walls. A new product, developed by the
Dupont de Nemours company is composed of 60% of
phase change material included in a polymeric structure.
The final product looks like a relatively flexible panel.
The innovation, in this case, consists in the encapsulation
of a significant quantity of active PCM in a thermoplastic
polymer which, after transformation into a relatively thin
panel, allows for easy installation in any type of building
envelope.

In this paper, the optimal value of the PCM wallboard
thickness is investigated. First of all, the optimization
assumptions are developed concerning optimal wallboard
thickness. In order to calculate the optimal value, the in-
house numerical code CODYMUR is used and the results
show that an optimal value exists, according to daily exter-
nal and internal temperature fluctuations.
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Nomenclature

c specific heat (J/kg K)

E energy per square meter (J/m?)
e thickness (m)

H specific enthalpy (J/kg)

h convection heat transfer coefficient (W/rn2 K)
q heat flux (W/m?)

S total solar radiation (W/m?)

T temperature (K)

t time (s)

U thermal conductance (W/m? K)
X coordinate (m)

X; node coordinate (m)

Greek letters

o solar absorption coefficient (—)
r domain boundary (m?)
A thermal conductivity (W/m K)

p mass density (kg/m?)
T phase difference (s)
¢ function

Q domain (m?)
Subscripts

e exterior

eq equivalent

1 interior

ins insulation

max  maximum

min minimum

opt optimum

p plaster

s stored

wp wood plate

2. Optimization assumptions

This section is devoted to a summary of the assumptions
used in this paper during the optimization process. First of
all, the physical characteristics of the PCM are developed.
The second part deals with the configuration retained for
the optimization calculation. The last part presents some
heuristic arguments of the optimal research.

2.1. Phase change material tested

The new product tested was created by the Dupont de
Nemours Society. It is composed of 60% of micro-encapsu-
lated paraffin, which has a melting temperature of about
22 °C. The final form of the PCM material (Fig. 1) is a flex-
ible sheet with a density of ppcy = 1019 kg/m?.

The PCM material heat capacity was measured using a
differential scanning calorimeter. The thermal analysis
was performed in a range of 0-34 °C with heating rates
of 2°C/min. In Fig. 2 shows the measured values of
PCM specific heat ¢. This nearly Gaussian distribution cor-
responds to a narrow phase change [6].

The thermal conductivity of the PCM material was mea-
sured using a guarded hot-plate apparatus. In Fig. 2 shows
that under the melting temperature, the thermal conductiv-
ity is about 0.22 W/mK and decreases, over the melting
temperature to about 0.18 W/mK.

2.2. Studied configuration

2.2.1. General assumptions

One important hypothesis used during the optimization
implementation is that heat transfer is unidirectional in
building walls. This assumption is widely used for the ther-
mal simulations of buildings. The PCM wallboard is used

Fig. 1. DuPont de Nemours material.

in lightweight buildings (or caravans) to reduce room air
temperature fluctuations, in particular when overheating
occurs [7]. Then, the wall tested is composed, from the out-
side, of 2 cm of wood, a variable insulating material (like
glass wool) with a thickness e;,, (for the basic configuration
eins = 10 cm), a variable PCM thickness epcy and 1 cm of
plaster. A complete description of this test wall is shown in
Fig. 3, and the thermophysical properties of the materials
are given in Table 1. The exterior and interior heat transfer
coefficients are, respectively h. = 25 W/m?> K and h; = 7 W/
m? K. The insulation thickness e, can vary, but a
minimum value is necessary to ensure a correct wall global
insulation. In our optimization process, the minimum value
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Fig. 2. Experimental specific heat (left) and thermal conductivity (right) of the PCM material.
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Fig. 3. Test wall composition.

Table 1
Thermophysical properties of the materials

Density  Specific heat ~ Thermal conductivity
(kg/m’) — (J/kgK) (W/mK)

Plaster 825 1000 0.25

Wood plate 500 1600 0.15

Insulating material 15 1030 0.041

of the thickness must fulfill the requirement of the French
thermal rules [12] given by the U-value of the wall,
U <0.47 W/m? K. The U-value is calculated via

1 I ew  €ins €
4w he I 1
U e oy A Ay )

1

Using the given thermophysical properties of Table 1, the
minimum thickness of insulation is 8 cm with the wall
considered.

2.2.2. External conditions

For the building configuration, outdoor boundary con-
ditions and indoor thermal loads are specified while indoor
air temperatures may change in time. The main outdoor
conditions are external air temperature and solar radiation.
These conditions are taken into account using the equiva-
lent temperature 7,4 calculated using

Teq=Tc+ :—S (2)

with T, the exterior air temperature, S the total solar radi-
ations, o the solar absorption coefficient of the surface and
he the exterior convective heat transfer. In Fig. 4 shows the
equivalent temperature calculated for a south vertical wall
in Paris in July. From this figure, the assumption of a
sinusoidal evolution for exterior equivalent air temperature
can be used. Then the optimization process is held using a
sinusoidal evolution of the exterior temperature between
15 °C and 35 °C and within a period of 24 h. The impact
of external conditions is also studied using a sinusoidal

evolution of the exterior temperature between 10 °C and
40 °C.

2.2.3. Internal conditions

The interior air temperature is influenced by outdoor
conditions, internal loads and, of course, the building com-
position. Similarly to the assumption used for exterior tem-
perature, a sinusoidal evolution for the interior air
temperature is used. For the interior temperature, the
selected sinusoidal evolution is taken between Tj .« and
T min> With a phase difference of = with exterior air temper-
ature. As the PCM melting temperature is around 22 °C,
only cases with 7 min <22 °C < Tjmax are considered. The
boundary conditions are summarized in Fig. 5.
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Fig. 4. Equivalent temperature: vertical wall in Paris — July.
2.3. Heuristic arguments

The objective of the optimization process is to increase
the storage capacity using as little PCM as possible. Two
competing trends exist concerning the use of phase change
material wallboards in buildings. When the thickness
becomes sufficiently small, the PCM is nearly isothermal.
The storage energy process is then only due to temperature
changes. In this case, the larger the wallboard, the more
important the storage capacity. The storage capacity is
then proportional to PCM volume. As the heat transfer
is unidirectional, the energy stored by the PCM is propor-
tional to wallboard thickness epcy. In conclusion, in the
epcm — 0 limit, the total energy stocked varies in ~ ey,
This trend is indicated by the small-epcy asymptote plotted
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Fig. 5. Air temperature boundary conditions.
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Fig. 6. Results concerning the stored energy in a complete day E; function
of PCM thickness epcy.

in Fig. 6. The penetration time for transient heat conduc-
tion #,, can be evaluated by [8]

(e/2)

Ip ~ o 3)
where o is the thermal diffusivity of the medium. When e is
large, the time needed for the heat to penetrate the PCM
becomes larger than 12 h: and the storage process cannot
be complete during a day. Consider next the limit in which
epcwm 18 large enough to consider a semi-infinite material.
Increasing epcyr has no effect on the quantity of stocked en-
ergy: in the large-epcy limit, the total energy stocked varies
as ~ eboy (constant value). This second asymptote has
been added to Fig. 6. The arguments presented below sug-
gest the existence of an optimal thickness, but analytically
determining this value is a laborious task. For this reason,
numerical simulations are necessary to find the most
appropriate value of epcy.

3. Numerical modeling of phase change materials

The optimization process of the PCM wallboard is per-
formed with the help of numerical simulations. For that
purpose, a home made code called CODYMUR is used.
This code, developed for thermal simulations of building
walls, has been adapted to take into account PCM. The
first part of the section is a general presentation of the
code, while the second part deals with the needed
modifications.

3.1. Presentation of numerical code CODYMUR

CODYMUR allows for the study of the thermal behav-
ior of a wall, supposing unidirectional heat transfer, under
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dynamic conditions. It was developed at the Thermal Sci-
ences Center of Lyon in 2002. Considering a wall, external
conditions available are climatic data (for various French
sites), temperatures, solar radiations etc. CODYMUR car-
ries out calculations for temperatures within a wall as well
as thermal flows at the surfaces, as a function of time. The
results make it possible to analyze the influence of param-
eters like the constitution of the wall (thicknesses, materials
used for the layers, respective positions of the layers etc.).
The studied wall is made of multiple layers associated with
a parameter list characterizing heat exchange (absorption
of short wavelength radiation and total surface thermal
resistances). The initial conditions are either a temperature
solution of the stationary problem at the initial moment, or
the temperature of the preceding calculation. The bound-
ary conditions are defined by interior and exterior condi-
tions (which correspond obviously to climatic
conditions). An environment has two variables: the air
temperature and the solar radiative fluxes. A demonstra-
tion version of CODYMUR (without the PCM) is freely
available [13].

3.2. Modifications of CODYMUR

3.2.1. General concepts

The preceding version of CODYMUR [9,10] supposed
that all thermophysical properties of the materials were
constant. That made it possible to carry out integration
in time by an implicit method. In our case, the density
remains constant (equal to 1019 kg/m®). On the other
hand, conductivity and specific heat are variable with the
temperature of PCM. Also, it was necessary to carry out
the following modifications:

e enter conductivity and specific heat varying with
temperature,

e modify the integration in time method: use of an explicit
method with automatic time step modification.

3.2.2. Formulation of the thermal problem
The unidirectional heat transfer problem is given by

¢ heat conduction equation

dH

P ar = div(—

) with § = —VT (4)

e initial conditions

T(x,t=0)=To(x) (5)
e boundary conditions
=G -l = ( (x = 0,1) = Te(t))
{ e St en i )

with H enthalpy, 4 the thermal conductivity and ¢ the
heat flux.

The enthalpy is linked to the temperature via

dH dH dT
& dr a )
and
dH

C(T) = ar (8)
Then, Eq. (4) becomes [11,4]

dr L
pC(T) S, = div(—3) o)

A weak formulation of the problem in the calculation
domain Q which boundary is I" gives

/Q pC(T) ¢, ((11]; / ¢;div(—¢)dQV¢; continuous in Q
= / [div(—¢,) — A(T)V$;VT]dQ  (10)
Q
__ / il T — / AT)V e VTdQ
r Q
With T(x 1) =3 T;(t)$,(x), Eq. (10) is

/ $i,dQ
—/rd) Al dr - ZTU

If the functlons are linear on the interval [x;, xi+], the
quantity Vq.’) V¢ is constant and the gradient is also
constant. In this 1nterval fg 7)dQ is

Xit1 d T(xiv1)
/i(T)sz/ A(T)dxz—x/ AT)dT  (12)
Q Xi dt T(x:)

Integration over time in this system is carried out by an
explicit Euler scheme, with an automatic time step calcula-
tion: indeed, the characteristic time of this system can
become very small and it is necessary to adapt the time step
according to the stiffness of the system ([7]). The mass
matrix, via the heat-storage capacity, is a function of time:
it is thus recomputed at each time step.

V,Vp,dQ } (11)

4. Determination of the PCM optimal thickness

This section is devoted to the determination of optimal
PCM thickness. The first part shows the existence of the
optimum and its calculation for a specific case. The follow-
ing parts are concerned with the estimation of the impact of
some parameters: insulation thickness, outdoor condition,
phase difference and indoor condition. Finally, the optimal
value is commented.

4.1. Existence of the optimum: case of t =0 h,
Timin =18 °C, T;pax =25 °C and e;s = 10 cm

In order to find the optimal thickness, a set of numeri-
cal experiments is held using the modified version of
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CODYMUR presented in Section 3 and for the test case
described in Section 2. For each thickness epcy, the heat
density fluxes at the interior and exterior surfaces are com-
puted. Then the stored energy E; per square meter of wall is
calculated for a complete day. Obviously, the released
energy is equal to the stored one for a repetitive day.

Fig. 6 shows that the stored energy is optimal for a PCM
thickness of around 1 cm. Layers in which the thickness is
higher than this value are less interesting concerning energy
storage: for a temperature swing with a period less than
24 h, only a maximum of 1 cm of PCM is really affected
by heat loads. The value of epcy = 0 mm corresponds to
the storage capacity of the wall without PCM. The inertia
of the light weight wall is double with 1 cm of phase change
material wallboard whereas the total wall thickness and
weight only increase, respectively by 4% and 20%. An inter-
esting phenomenon concerns the presence of a peak Fig. 6.
When epcm > epem,opts N0t all the PCM wallboard is
affected by the thermal flow. Nevertheless, the global resis-
tance of the wall increases because of the insulating effect of

230
220
210
200
190
180
170
160
150
140
130
120

E, [Wh/m?]

PEERTII IR RN RTINS R EERTR
0 10 20 30 40 50

€pcy [(Mm]

(a) impact of insulation thickness

— — — —1=4h
——— 1=-2h
7=0h

240

220

200

180

s

160

E [Wh/m?]

140

120

i
E e b by by by
0 10 20 30 40 50

(mm]

100

ePCM
(c) impact of phase difference

F. Kuznik et al. | Applied Thermal Engineering 28 (2008) 1291-1298

PCM. Then the thermal flow which passes through the wall
decreases, and decreases the storable energy capacity.
When epcy is large enough, the thermal flow cannot pass
through the wallboard and then the PCM acts like semi-
infinite material: it is a horizontal asymptote.

4.2. Impact of the insulation thickness

Fig. 7a shows the curves obtained for four insulating
material thicknesses: ¢;,s = 8 cm, ¢;,s = 10 cm, ¢;,s = 15 cm
and e;,s = 20 cm, and other parameters corresponding to
the reference case of part 4.1. From this figure, the insula-
tion thickness doesn’t affect the optimum PCM thickness
value. This is due to the low exterior heat flux which can
pass from the exterior through the insulating material.

4.3. Impact of outdoor air swing

The impact of the outdoor air condition is evaluated
using two different swings: a sinusoidal evolution of the
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Fig. 7. Impact of various parameters on optimal PCM thickness.
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exterior temperature between 15°C and 35°C and the
same evolution excepting the minimal and maximal tem-
peratures which are, respectively 10 °C and 40 °C. The
other parameters are those of the reference case of part
4.1. In Fig. 7b shows the results obtained for the optimum
value. The external condition does not much affect the opti-
mal PCM thickness value. Once again, this is due to the
insulating material.

4.4. Impact of phase difference

Fig. 7c shows the curves obtained for four phase differ-
ences 1. 1= —4h, T =—2h, t=0h, 1 =-+2h and ©t = +4h,
the other parameters corresponding to the reference case
of part 4.1. The optimal value varies between 9 mm and
11.5 mm.

4.5. Impact of indoor air swing

The indoor air temperature swing is a very important
parameter of the problem. To evaluate its impact, three
cases are tested: the reference case, a few fluctuations case
with T min = 20 °C and T . = 23 °C and a hard fluctua-
tion case with T in = 8 °C and T nmax = 35 °C. The other
parameters correspond to the reference case.

Fig. 7d shows the impact of indoor air swings. The opti-
mum value varies between 9 mm and 15 mm. However, the
higher value correspond to a non-realistic case because the
purpose of the PCM is to reduce significantly the indoor air
temperature swing.

4.6. Conclusions concerning the optimum

The reference test case shows an optimum of about
10 mm. Even if the optimal thickness value of PCM
depends mainly on the indoor air swing, the value of
10 mm corresponds to a good compromise considering
the realty of the swings considered. In order to illustrate
the effect of 10 mm of PCM compared to other materials,
Fig. 8 summarizes the maximum stockable energy between
18 °C and 26 °C for 10 mm of material and for 24 h.
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Fig. 8. Maximum storable energy between 18 °C and 26 °C for 10 mm of
material and for 24 h.

5. Conclusions

The use of phase change material wallboards allows the
enhancement of the thermal inertia of buildings. In order
for its use with an optimal storage effect during a complete
day, the PCM thickness must be optimized. An optimiza-
tion process was performed using a test case of a light-
weight wall and interior/exterior temperature evolutions
within a period of 24 h. Numerical simulations were held
using a homemade software modified to take into account
phase change materials. The results concerning stored
energy in a complete day function of PCM thickness
showed that the optimal thickness is 1 cm. This 1 cm wall-
board allows a doubling of the thermal inertia of the build-
ing. This stored energy prevents building rooms from
overheating during hot days, and during the night, the
released energy increases the minimum air temperature.
On the whole, PCM allows a decrease in temperature fluc-
tuations inside rooms.

Given that the software analyzes only the behavior of a
single wall, it is not possible to have a direct coupling
between this wall and the temperature of the room: it
would therefore be necessary to treat the entire room, to
take into account solar radiation and air treatment sys-
tems. However, the analysis of flows exchanged with a
room’s interior side of a wall enabled us to quantify the
energy stored and released by the wall with a probable
assumption of interior temperature changes. This allowed
us to calculate the optimal thickness of PCM to be included
in room walls.
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