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Abstract

Solar walls have been studied for decades as a way of heating building from a renewable energy source. A key ingredient of these wall
is their storage capacity. However, this increases their weight and volume, which limits theirs integration into existing building. To ale-
viate this problem, storage mass is replaced by a phase change materials. These allow to store a large amount of energy in a small volume,
which brings the possibility of retrofit trough use of light prefabricated module.

This article presents an experimental study of a small-scale Trombe composite solar wall. In this case, the phase change material was
inserted into the wall in the form of a brick-shaped package. While this material can store more heat than the same volume of concrete
(for the same temperature range), it shows a very different thermal behavior under dynamic conditions. A particular attention is focused
on the delay between the absorption of solar radiation and the energy supplied to the room. The energy performance of the wall from
heat flux measurements and enthalpy balances are also presented.
� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Given the predictable rise in the cost of fossil fuels and
the desire to reduce carbon emissions, many countries have
enforced policies to improve energy efficiency, while reduc-
ing the fossil fuel usage. The building sector is a key to the
success of such policies. Building consumption in the EU
was 37% of final energy in 2004, (around 41% of total
US energy use in 2002). One way to reduce these numbers
is to increase the insulation requirements of building enve-
lopes through the formulation of ever more demanding
regulations. However, there are some practical, physical,
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and financial limits to this approach. One way to overcome
these limitations is to transform the role of the envelope
from a passive barrier to heat loss into an active heat recov-
ery system. From this point of view, it is important to pro-
pose schemes to reduce losses and increase building solar
gains while maintaining occupant comfort in all seasons
(Gratia and Deherdea, 2007; Alzoubi and Alshboul,
2010; Ahmad et al., 2006; Diaconu and Cruceru, 2010).

In this context, our laboratory has been working for sev-
eral years on the characterization and optimization of
Trombe walls (Shen et al., 2007; Zalewski et al., 1997,
2002). In the study presented here, the concrete storage
wall is replaced by a wall into which elements containing
hydrated salts are integrated. The objective of this research
is to characterize the storage capability and the dynamical
behavior of this wall under actual weather conditions.

http://dx.doi.org/10.1016/j.solener.2011.09.026
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Nomenclature

P power (W)
R cross-correlation function
S area (m2)
t time (s)
T temperature (�C)
V velocity (m s�1)

Greek letters:

q density (kg m�3)
u heat flux (W/m2)
s time lag (s)

Subscripts/superscripts:

air air
exc exchange area
enth enthalpic method
ext exterior (exterior face)
fluxm fluxmetric method
int interior (interior face)
lv lower vent
solar solar radiation
uv upper vent
PCM phase change material
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These parameters being both qualitatively and quantita-
tively different than sensible heat storage material (ex: con-
crete) normally used in such wall. This knowledge is
essential to optimization of the performance of this pecu-
liar type of Trombe wall.

2. The composite solar wall

The composite solar wall (Zrikem and Bilgen, 1987,
1989) (Fig. 1) is formed from outside to inside of several
layers: a semi-transparent cover, a closed cavity, a storage
wall, a ventilated air cavity and an insulating panel where
two vents allow the warm air to enter inside the room.
The recovery unit works as follows: The transparent layer
transmits the highest possible portion of the incident solar
beam, the storage wall receives and absorbs a part of the
transmitted solar energy and heats up. This wall remits in
a lower wavelength and radiation is trapped by greenhouse
effect in the closed cavity, some losses occur due to natural
convection in the closed cavity. The storage wall stores and
transmits the remaining part of the absorbed energy to the
Fig. 1. Composite Trombe wall.
building. This energy is transferred to the room to be
heated by natural convection occurring in the ventilated
channel. A very small part of the energy is also transmitted
by conduction trough the wall into the room. The warm air
supply can be suppressed thanks to the control of the air
circulation, thereby avoiding overheating in mid-season
or summer. These free solar gains have to be distinguished
from direct solar gains. A typical solar wall stores heat dur-
ing sunny periods and releases it after a delay depending on
its geometric and thermophysical characteristics. The heat
recovery occurs out of phase compared to the direct solar
gain and thus reduces the risk of overheating.

The composite solar wall provides several advantages.
Heating is controllable at any time by acting on the air flow
into the ventilated channel. Its thermal resistance is high
due to the presence of the wall insulation and the ventilated
channel. The infiltration of fresh air through the outer
cover is negligible. Due to its high thermal resistance and
the possibility of controlling the air flow, the heat loads
are limited during summer. In addition, these can be min-
imized further by placing a curtain or a shutter in front of
the glazing.

The main disadvantage of this type of walls or any types
of Trombe walls resides in the need for a mechanism to pre-
vent the reverse thermocirculation. This phenomenon
occurs when the storage wall becomes colder than the
ambient air of the room. The air could then be cooled
and sent back into the room through the lower vent. How-
ever, a simple mechanism using a plastic film placed in the
lower vent can eliminate this problem. When the air is
heated by the wall, a slight depression due to natural con-
vection removes the film from the vent. On the other hand,
the plastic film is pressed against the vent preventing any
reverse air circulation inside the channel. The behavior
allows the mechanism to act effectively like a thermal diode
(Zalewski et al., 1997).

The first wave of studies on the utilization of phase
change material in a Trombe wall occurred around 1980.
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Askew (1978) used a collector panel made of a thin slab of
paraffin placed behind the double glazing of a building and
found that thermal efficiency were comparable to a conven-
tional flat plate collector. Telkes (1978, 1980) worked on a
Trombe wall using Glaubert salt behind a polyhedral glaz-
ing. Her work was only a first order theoretical analysis
demonstrating the potential of this approach to reduce
mass and volume involved. Solomon (1978), using com-
puter simulation, derived qualitative conclusion about
how best to choose the PCM for energy storage in a wall.
Farouk and Guceri (1981) created a one dimensional
numerical model of a Trombe wall using PCM
(Na2SO4�10H2O and P-116 wax). They demonstrated that
it could provide similar results to a masonry wall, while
eliminating its undesirable properties. Swet (1980) reviewed
the state of the art in the usage of PCM for thermal storage
in building and noted that PCMs provide equivalent ther-
mal storage in a much thinner wall.

Bourdeau and Jaffrin (1979) and Bourdeau et al. (1980)
modeled and tested a Trombe wall and diode wall using
chliarolithe (CaCl2�6H2O) with the addition of diatom
powder as a PCM. Numerical model demonstrated that a
3.5 cm wall using PCM could replace a 15 cm wall of con-
crete, while the phase delay of the PCM wall was smaller
and that the heat transfer was spread over a longer period.
Experimental tests were conducted on two tests cells where
the storage wall had 5 cm PVC tubes embedded. Those
tubes were filled with either water or chliarolithe. This wall
was placed behind a single glazing. The wall using latent
heat was able to capture about twice the heat of the one
with water. To minimize thermal loss trough the glazing,
a diode wall was designed. Such wall use a solar collector
separated from the storage volume by an air channel. In
daytime, a forced convection transports the heat from the
collector to the storage volume. Like in a Trombe wall,
heat is transmitted to the room by conduction trough the
storage volume. Model indicated that this configuration
was much more efficient if it used latent heat storage.
The first experimental setup used 8 cm PVC tubed embed-
ded in a plaster wall. A second configuration used hollow
concrete bloc where part of the void was used to carried
the heat, the other part been filled with PCM. In both con-
figuration, the heat was effectively stored through the day
and released in a uniform way.

In a parallel work, Bourdeau (1980, 1982) studied the
behavior of Trombe wall made of polyethylene container
place on a wood shelve behind a double glazing. Tests were
carried at Los Alamos laboratory (DOE 1980, Los Alamos
1980). These demonstrated that latent heat storage can
become saturated after a few days of operation. These
experimental results were used to validate the numerical
model, which demonstrated that a Trombe wall with latent
heat storage was more efficient than a concrete one. Opti-
mum thickness of a latent wall was a factor 4 smaller than
one in concrete, which translate in a factor 6 in mass. Also,
an optimal melting temperature, which is a function of the
climate, the heating load and the heat transfer coefficient
between the wall and the room could be derived from the
model.

Benard et al. (1982) studied experimentally a paraffin
Trombe wall with a double glazing. They noted that the
thermal efficiency of the wall itself showed little sensitivity
to the presence of thermocirculation. Nevertheless, they
pointed out that forced circulation would improve the per-
formance be reducing the overheating and the convective
loss to the outside at the beginning of the night be moving
the heat into the room. Benard et al. (1985) carried out a
3 years experiment on Trombe walls (40 cm concrete,
8 cm hard paraffin and 8 cm soft paraffin). In addition to
the normal weather conditions, their tests cells allowed
the exploration of various degree of coupling between the
wall and the room behind. They also noted that the lower
weight of the latent heat storage wall (one-twelfth smaller)
compare to concrete was much better suited for a retrofit.

Knowles (1983) presented numerical results as well as
approximate simple stationary state formula with the pur-
pose of establishing guidelines for the design of low-mass,
high-efficiency walls. One conclusion was that thermal
resistance of the wall should be as low as possible. Explo-
ration of binary and ternary composite of metals, masonry
and phase change materials was studied. Compared with
concrete, paraffin–metal mixtures were found to offer a
90% reduction in storage mass and a 20% increase in
efficiency.

Christensen (1983) did a parametric analysis that
allowed the identification of factors limiting performances
of Trombe wall and presented configuration for enhanced
PCM performance. Benson et al. (1985) carried an analysis
on PCM (polyalcohols) properties that prefigures contem-
porary studies. They also did a computer simulation on
the performance of PCM inclusion in a Trombe wall and
compared them to a concrete wall. The optimum melting
temperature was found to be 27 �C for this wall. An
increase in thermal diffusivity was shown to be beneficial
to the performances. Accordingly laboratory tests demon-
strated that diffusivity could by increase by a factor five
by the addition of 2% of graphite, which should lead to a
30% gain in performance. They concluded that a Trombe
wall with PCM could be a factor four thinner and a factor
nine lighter than its equivalent in concrete. However, its
cost would be more expensive by a factor 2. Wild et al.
(1985) measured the performance of PCM encapsulated
in rigid plastic panel in calibrated hot box. The accurate
measurements of heat flux during the discharge cycle of
Trombe wall systems containing the PCM panels were
obtained.

Tiwari et al. (1988) created a numerical model of a com-
posite wall composed of one layer of PCM material and
one layer of water to transfer heat from a sunspace to an
adjacent room. This combination combined the high stor-
age capacity of the PCM and the high heat transfer coeffi-
cient of water. Ghoneim et al. (1991) did a numerical
analysis and simulation of a Trombe Wall with different
thermal storage mediums: sodium sulfate decahydrate,



Fig. 2. Vertical section.

Fig. 3. Horizontal section.

Fig. 4. PCM brick.

L. Zalewski et al. / Solar Energy 86 (2012) 208–219 211
medicinal paraffin, P116-wax, and traditional concrete.
Their simulation results showed that PCMs have much bet-
ter thermal storage performance than the traditional con-
crete and among the phase change material Glauber’s salt
(Na2SO4�10H2O) presented the best properties. They noted
that a lower melting temperature (20–30 �C) improved the
overall efficiency of the system and that the grade of the
paraffin had little impact on the system performances.

Stritih and Novak (1996) studied numerically and exper-
imentally a wall composed of a transparent insulation
material covering a solar collector made of black paraffin.
An air channel behind the solar collector brought the pre-
heated air for the ventilation of the house. Their numerical
analysis indicated that the optimum thickness was 50 mm
and the melting point a few degrees above room tempera-
ture. Manz et al. (1997) studied a wall system composed
of transparent insulation material and translucent phase
change material used both for solar heat storage and day-
lighting. The PCM was hexahydrated calcium chloride
(CaCl2�6H2O) with 5% of additive. Their numerical model
included the radiative heat transfer in their dynamical
model of the PCM. Experimental data were gathered over
a period of 5 month. Authors concluded that performance
would be improved by the reduction of melting tempera-
ture from 26.5 to 21 �C.

Onishi et al. (2001) studied the thermal behavior of a
room with a Trombe wall using computational fluid
dynamics. In addition to solar energy, supplement electric
heating was embedded into the wall. Seven configurations
of were studied (concrete slab, three different PCM slabs
with and without electrical heater. Simulation results indi-
cated that this approach is worthwhile for low energy
house applications. Nevertheless, subsequent optimization
work was needed on the PCM melting temperature and
the size of the wall. Eiamworawutthikul et al. (2002) noted
the lack of universal recommendation as how the PCMs
should be incorporated in a building design. They also car-
ried a preliminary numerical study on a concrete Trombe
wall impregnated 20% by weight of paraffin. Their analysis
demonstrated a threefold reduction in the wall thickness
compare to a standard concrete wall.

Khalifa and Abbas (2009) created a dynamic simulation
computer model of a south-facing thermal storage wall.
Two types of PCMs were examined, the hydrated salt
CaCl2�6H2O and paraffin wax encapsulated in copper cap-
sules with length to diameter ratio of 0.76. They found that
a storage wall 8 cm thick made from the hydrated salt
maintained the temperature better than a 20 cm thick con-
crete wall and the 5 cm thick wall made from paraffin wax.

3. The investigated solar wall

The solar wall studied in this paper is a small-scale wall
(see Figs. 2 and 3). It is surrounded by insulated walls
consist of an insulation (5 cm) and wood (13 mm). The
opposite side of the solar wall is open to the room where
the set-up is installed. The storage wall incorporates
rectangular bricks containing a phase change material.
The PCM is packed in a polyolefin envelope in a brick
shape (21 cm � 14 cm � 2.5 cm) (see Fig. 4). The PCM
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used is a mixture of hydrated salts [water + calcium chlo-
ride (CaCl2) + potassium chlorides (KCl) + additives] pro-
vided by the company Cristopia (Zalba et al., 2003;
Cristopia website), its melting point being 27 �C. Thermo-
physical properties (heat capacities, thermal conductivities
of solid and liquid phases and latent heat) of this material
were determined under the conditions of use and including
the envelope (Younsi et al., 2007, 2008). The wall itself is
composed of nine bricks arranged in 3 � 3 array and sup-
ported by a wooden frame. This leads to an exchange area
of 60 cm � 73 cm. On its external face, the frame is used to
maintain black-coated metal plates used as an absorber
plate (Fig. 5). No anti-reverse circulation system has been
installed in this set-up.

The instrumentation consists of a pyranometer, thermo-
couples, tangential gradient fluxmeters (Leclercq and
Thery, 1983), and one anemometer. The pyranometer is
located in the vertical plane of the facade receiving the inci-
dent solar flux. Two fluxmeters and two thermocouples
(uext, Text, uint and Tint), installed on the two largest sur-
faces of the central brick, measure the thermal fluxes
(Fig. 2). Sandwiched between the absorber and the bricks,
the fluxmeter uext measures the incoming and outgoing
heat flux (solar radiation and exchanges between the brick
and the double glazing). On the ventilated channel side, the
fluxmeter uint measures the convective and the radiative
heat exchanges between the bricks and the facing insulated
wall (Fig. 2). The thickness of the fluxmeters is 0.2 mm, and
their sensitivity about 120 lV W�1 m2 for a sensor having
an active surface of 14 � 21 cm2. The calibration device
makes it possible to calibrate these sensors with a precision
of about ±3%.

Two other thermocouples measure the air temperature
at the lower vent (Tlv) and at the upper vent (Tuv) while
the anemometer measures the inlet air velocity (Vair). The
thermocouples are T type with a diameter of 0.1 mm.
Fig. 5. Photo of the exterior face of the storage wall.
The thermocouples were calibrated in a temperature cali-
brator (CS172 Eurolec), the uncertainty on thermocouple
temperature measurements is estimated at ±0.5 �C.

The measurement of the air velocity is done at the lower
vent. Choice of the position of the anemometer at the lower
vent is based on the fact that there are strong temperature
gradients and velocity outputs into the channel and at the
exit while in the lower part, the air temperature is homoge-
neous and velocity profile is much more uniform. The aver-
age velocity is estimated using the Log-Linear method
(ASHRAE, 1993) providing sufficiently high accuracy
(±3%) in flow integration. The recommended procedure
indicates that any rectangular duct dimensions require a
minimum of 25 velocity measurements. The measuring
points are distributed on a 5 � 5 grid as shown in Fig. 6.

The ratio of the two values (velocity at the center of
vents and the average velocity) determines CoefLv. The
coefficient, CoefLv, is then related to the average velocity
in the cross-section. It is based on a measuring point at
the center of vent, combined with the average velocity mea-
surements. We must also verify that the temperature mea-
surement (Tuv) is representative of the average temperature
of the air output.

4. Results

4.1. Heat fluxes and temperature

For this study, 2 weeks from April 22 to May 5 2008
were chosen. In northern France (Bethune: 50.51�N
2.65�E), this period corresponds to the spring: the solar
gains are significant but the outside temperature remains
cool. Fig. 7 shows the variation of the incident solar radi-
ative flux impinging on the solar wall (usolar) and the heat
flux (uext) measured on the outer side of the brick in con-
tact with the absorber with respect to time.
Fig. 6. 25 points log linear-traverse for rectangular ducts.



Fig. 7. Incident solar radiative flux (usol) and heat flux absorbed by the brick (uext) as a function of time for a period of 14 days in April–May, 2008.

Fig. 8. Heat fluxes uext, uint and temperatures Text, Tint measured on both sides of the PCM brick as a function of time for a period of 14 days in April–
May, 2008.
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Fig. 8 shows the evolution of the heat flux and the tem-
peratures measured on both sides of the brick during the
same period.

These two figures show that the brick can absorb a large
quantity of heat when the solar radiation is the most intense
(800–900 W/m2 for the solar flux and 450 W/m2 for the flux
entering the PCM brick). The heat flux uext becomes nega-
tive at sunset and some of the energy, stored during the
day, is exchanged with the external environment (through
the double glazing). On the other side of bricks, the internal
flux uint is almost always positive within the studied time-
frame and generally varying between 0 and 50 W/m2. The
temperature of the brick reached 55 �C on its outer surface
and 52 �C on its inner surface on the last day of the test.
Fig. 9 shows the temperatures measured in the venti-
lated channel at the lower and the upper vents. This differ-
ence increases when increasing solar flux. Free convection
is dominant since air velocities are lower than 25 cm s�1.

From these data, we will further analyze the efficiency
and the thermal behavior of the wall containing phase
change material.
4.2. Dephasing

In a previous work (Zalewski et al., 1997), the delay
between the solar irradiation and the internal heat flux
has been studied when the composite solar wall was



Fig. 9. Temperatures at the level of the upper and lower vents and air velocity at the lower vent in the channel as a function of time for a period of 14 days
in April–May, 2008.
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composed of a concrete 15 cm thick slab. This specific
setup the delay has been estimated at 5 h 55 min.

Like in our previous, we used the cross-correlation to
estimate the delay (Takamoto et al., 2001; S�is�bot, 2005).
To estimate the delay between absorbed flux, (uext), and
transmitted flux, (uint), it is convenient to use the cross-cor-
relation function. Since, uext and uint are two independent
variables, the cross-correlation function between these two
quantities is expressed as:

Ruext ;uint
ðsÞ ¼

Z þ1

�1
uextðtÞ:uintðt � sÞ � dt ð1Þ

This function has the following properties:

– Ruext ;uint
ð�sÞ ¼ Ruext ;uint

ðsÞ.
– When Ruext;uint

ðsÞ ¼ 0, the two processes x (t) and y (t) are
not correlated.

When two processes are the most correlated, this value s
defines the time delay (dephasing).

Fig. 10 shows the result of the cross-correlation function
calculated between the heat fluxes (uext and uint) during
3 weeks.

Fig. 10 indicates that the energy supplied to the 2.5 cm
thick brick is restituted to the room with a delay of 2 h
40 that is more than twice shorter than a 15 cm thick con-
crete wall (Zalewski et al., 1997). Similar behavior was
observed experimentally by Bourdeau and Jaffrin (1979)
and Bourdeau et al. (1980).

4.3. Efficiency of the solar wall composite

The variations of the values of usolar, uext and uint with
respect to time for four sunny days of the above-mentioned
period (Figs. 7–9) are shown in Figs. 11 and 12.
Fig. 11 indicates globally that the maximum incident
solar flux on the vertical glass wall reaches 700 W/m2, the
heat flux entering the brick is at the most 400 W/m2, and
the global heat flux flowing into the ventilated channel is
at the most 200 W/m2. After 6:00 pm, energy is released
to the outside via the closed cavity: a double glazing could
help in reducing these losses. On the other hand, Fig. 11
shows that after 6:00 pm the unit delivers a net heat flux
to the ventilated layer until after midnight. Moreover, the
time delay for maximum delivery corresponds exactly to
a period for which the energy consumption is very high
in Europe. Thus, installing such “balanced” units could
cut the peak power consumption in the end of the
afternoon.

Fig. 12 indicates the high temperatures reached by the
brick (50–60 �C) and the maximum exit air temperature
which is almost reaching 40 �C. On such a unit, the time
delay cannot be perceived clearly as the maxima in temper-
ature occur almost simultaneously on both sides of the
brick and at the ventilated layer outlet.

The interesting thing about PCM can be observed in both
Figs. 11 and 12 at about 2:00 am: In Fig. 11, solidification of
the PCM is shown as the heat recovery (and heat losses to the
environment unfortunately) are both increasing. The heat
recovery throughout the night is maintained at about
25 W/m2. In Fig. 12, this induces a temperature rise on both
sides of the brick and make the outlet temperature of the air
almost constant throughout the night and this although the
inlet temperature drops until the morning. All that is due to
the amount of heat that the PCM releases when it solidifies.

4.3.1. Energy recovery

Over the period of 24 days (21 April–15 May 2008),
including heat losses at night, the accumulation of solar
energy irradiating the glass was measured to be equal to



Fig. 10. Calculated cross-correlation function.

Fig. 11. Heat flux measurements, usol, uext, and uint as a function of time for a period of four sunny days in May, 2008.
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78 kWh/m2. Of these, the brick was found to absorb only
37.7 kWh/m2; 49% of the incident solar energy. The energy
released to the channel was measured to be 23.5 kWh/m2,
which is only 68% of the absorbed energy. Overall, the ther-
mal efficiency of the wall is only �30%. These percentages
show that some optimization is desirable. This could be
done, for instance, by replacing the traditional double glaz-
ing used in this experiment, by a low emissity double glazing
to limit radiative heat losses to the outside (16% energy
absorbed in our case).

It would also be desirable to increase heat exchanges
within the channel using a fan (Jie et al., 2007; Boutin and
Gosselin, 2009). Another solution is to use a PCM having
a higher melting temperature (�40–50 �C) to increase the
wall temperature to promote the natural convection. This
would increase heat gains due to a higher temperature differ-
ence between the temperature of the room and the wall.
Another advantage: the probability that the phase change
material solidifies completely during the night would be
higher than in the present study. However, the losses to
the outside would be increased; a comprehensive study using
numerical models would be very useful to assess the impact
of this change on the efficiency of the solar wall. The model
could as well be used to study the energy efficiency of solar
walls in different locations and under different climatic
conditions.

4.3.2. Energy balance of air channel
It should be noted that in our calculation, the heat trans-

fer is considered per m2 of wall. In reality, the absorptive



Fig. 12. Measured temperatures.
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surface of PCM is not equal to the surface of the glass due
to the presence of the framework supporting the brick. The
energy balance of the cavity was calculated using two dif-
ferent methods validated in previous studies (Zalewski
et al., 1997, 2002). The first method is based on a direct
heat flux measurement and the second method is based
on the enthalpy balance of air between the channel inlet
and outlet. These methods are briefly described below:

4.3.2.1. Flux balance. This method is based on the idea that
the whole amount of heat recovered by the air in the ven-
tilated channel is provided by the bricks. In this case, these
exchanges are measured by the fluxmeter uint; this fluxme-
ter has the same radiative properties as the bricks. To
obtain the total heat recovered by the air, it is necessary
to multiply this heat flux by the number of bricks, assuming
that the central brick is representative of the nine bricks
thermal behavior:

P fluxm ¼ 9 � uint � Sexc ½W� ð2Þ

with Sexc = 0.14 � 0.21 m2 (exchange surface brick/air).

4.3.2.2. Enthalpy balance. We consider in this case that the
energy exchange between the air and the storage wall is
equal to the air enthalpy variation. The heat recovered
by the air (Penth) is determined experimentally using the fol-
lowing equation:

P enth ¼ CoefLv � V air � SLv � qair � ðT uv � T LvÞ ½W� ð3Þ

The cross section of the lower vent (SLv) is identical to
that of the higher vent (Suv).

The results obtained through the two methods can be
compared. To ease the comparison, the same 4 days used
previously are analyzed (Fig. 13).

The two methods used to determine the thermal heat
recovered show a similar behavior. However, in periods
of low heat exchanges, in the early morning or at the end
of the discharge period, significant differences between both
methods can be observed. The enthalpy balance seems
smoother while fluxmeter records presenting more fluctua-
tions. This could be explained by the fact that the heat flux
balance is measured from the central brick. Through the
phase change, a substantial amount of heat is released
and measured by the fluxmeter. It is unlikely that the phase
change occurs at the same time for the nine bricks. This
explains why the same behavior is not found in the
enthalpy balance (except in the middle of the period at
6:00 am). It is also notable that when the heat exchanges
are weak, heat fluxes, velocities, and temperature differ-
ences between the air vents are reduced. This increases
the uncertainty of the heat recovery calculation but other-
wise does not significantly affect the total exchanged
energy.

If this exchanged energy is accumulated for the 24 days
(14 days of this period are represented in Figs. 7–9), the
total of recovered energy is estimated at 6.6 kWh for the
enthalpy method (Penth) and 6.2 kWh for the heat fluxme-
ter method (Pfluxm). The difference between both methods
is about 6%.
4.4. Study of the brick containing the PCM

Several articles of the literature (Sandnes and Rekstad,
2006; Yinping et al., 2007) dealt with supercooling occur-
ring in PCM. With our instrumental set-up, this phenome-
non can be detected and investigated. Fig. 14 shows the
heat flux and temperatures recorded on both sides of the
brick. To help the visualization of the phenomenon, we
have plotted two consecutive days taken from the 2 weeks
period shown in Figs. 7–9.

Shortly after 1:00 pm (time r identified in Fig. 14), the
heat flux (uext) is at its maximum. At this moment, the
solar flux is maximum. At time s, temperatures Text, Tint

and heat flux uint are reaching their maximum value. This



Fig. 13. Enthalpy balance and heat flux balance.

Fig. 14. Flux and temperature measured on both sides of the brick.
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occurs at 4:00 pm, less than 3 h after the peak of sunshine
(2 h 40 calculated in Section 1.3). Between the instants r

and s, the intensity of solar radiation has decreased and
therefore the heat flux entering the brick also. Despite this
decrease, the gains are still positive and the brick continues
to store heat; the PCM and its envelope warms up. Text is
naturally higher than Tint due to solar heat outside. This is
a phase of storing and transferring energy to the inner ven-
tilated cavity. At 4:00 pm, the brick releases, energy by con-
vection and radiation within the ventilated channel. Then,
on that same face, between 4:00 pm and 2:00 am, the next
day (between s and u), the brick releases heat (Text and
Tint decreases) and still provides heat to the air (uint > 0).
However after 7:00 pm (t), the heat flux becomes negative
on its outer face (uext < 0); hence the brick yields heat to
the closed gap and exterior glazing. Through all these
phases, the PCM is in its liquid form.
At 2:00 am (period u), there is an inflection in the
curves. Previously, the two sides of the brick were at the
same temperature and then reached 24 �C, the tempera-
tures rise suddenly and the heat flux increases too. This is
caused by the solidification of the PCM. While solidifying,
the PCM releases the latent heat contained, and as this
amount of heat cannot be evacuated instantly from the
brick, the temperature within the material increases. Obvi-
ously, the heat evacuates more easily from the outside
because the flux uext increases more than the flux uint.
On the other hand, as the heat flux uint becomes larger than
before the solidification process, exchanges in the channel
are revitalized. This is a positive point for the efficiency
of the system.

From 4:00 am (v), the temperature stabilizes around
the melting temperature of the material, i.e. 27 �C. Around
6:00 am, the sun rises and the heat flux uext increases and
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starts to become positive at 9:00 am (w). Between v and
w, the temperatures remain constant about the melting
temperature. At 9:00 am (w), uext is positive and the tem-
perature Text exceeds the melting temperature and increases
steadily. The PCM has melted at the outside face and the
melting front moves towards the internal part of the brick.
Around midday (x), the melting front reaches the inner
side, uint increases significantly, the temperature Tint

increases too. The whole PCM is melted and the tempera-
ture rises as the brick stores sensible heat.

These curves clearly show the storage–discharge phases
of the PCM and the temperature of the melting point. They
highlight the hysteresis phenomenon between the solidifica-
tion temperature and the melting point temperature of the
material. When the sun rises, uint is always positive, this
means that the bricks have not entirely released the energy
accumulated the previous day; the ventilated channel did
not permit to extract all the available energy.

5. Conclusions

In this paper, the results of a thermal study on a small-
scale solar wall composite incorporating phase change
material were presented. These were obtained thanks to
the implementation of an experimental set-up facing real
weather conditions.

One advantage of the composite solar wall is that the
solar gains are released with a time lag. These gains during
the evening and at night are added to direct solar gains
through windows received during the day. The time lag
depends on the nature of the storage wall and its thickness.
In a previous work, the study of the time lag of concrete
wall storage with a thickness close to 15 cm revealed a time
lag of about 6 h. The time lag measured for the brick con-
taining hydrated salts is 2 h 40, that is almost 2.5 times
shorter. This can be an inconvenient if the wall is devoted
to be installed in an inhabited dwelling to take advantage
of gains at the end of the day, but becomes an advantage
for installation in premises occupied during the day such
as school, offices or commercial buildings.

Another part of the study was devoted to evaluate the
efficiency of the solar wall. It has been discussed that this
efficiency could be improved in limiting losses to the outside
and increasing exchanges in the cavity. The last part of the
work was specifically devoted to the thermal study of the
brick containing PCM. It showed, through measures of
fluxes and temperatures, the specific thermal behavior of
this kind of material. The melting phase of the PCM at
27 �C was observed as the storage phases of sensible energy.
When the wall discharges energy during the night, the solid-
ification phase accompanied by a sudden release of heat has
been highlighted. The difference between the melting and
solidification temperatures, related to the supercooling phe-
nomenon was clearly showed during the day–night cycles.

The specific thermal behavior of a PCM, formed here of
hydrated salts is complex to model especially in the solidi-
fication phase. In this study, the wall is composed of nine
bricks because of their diverse positions, each brick reacts
differently to solar radiation and heat transfers in the ven-
tilated channel. The experimental data presented in this
article will be necessary to validate it.
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