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Abstract

The aim of this article is to present the results of a comparative study of four di2erent types of solar wall. These results have been
obtained using a numerical simulation model. In order to validate the model, an extensive experimental study has been conducted on
a composite solar wall. The 5rst part of the article is devoted to the particular features of the four solar wall con5gurations, followed
by a description of the experimental installation, the measurements and study of the various modes of thermal transfer necessary for
the model to be validated. The third section begins with a brief presentation of the principle used to develop this model, continuing
with the validation phase. The model is then used to study the energy e6ciency of solar walls in di2erent locations and under di2erent
climatic conditions. This is followed by an analysis of the way in which they release the energy supply, and their performance during
the summer period. The results of this study are fundamental in helping architects or project managers to choose the best suited
con5guration for each type of building. c© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has been extensive use of solar energy for heat-
ing buildings by means of storage walls since the works
of Trombe [1–5] were published. The standard Trombe
wall (Fig. 2) has the drawback of low thermal resistance,
which leads to signi5cant losses at night-time or during
periods with no sun. Furthermore, part of the supply stored
in the mass cannot be controlled (risk of overheating in
mid-season). This type of wall requires a solar shield to
be 5tted for the summer period in order to avoid unwanted
supplies during this time. We have studied a di2erent con-
5guration of solar wall which enables these drawbacks to
be overcome; this wall is called a composite solar wall,
or a Trombe–Michel wall [6,7].
This article will present the results of a numerical sim-

ulation model developed and validated using experimental
measurements conducted over three consecutive years on
a prototype wall. The 5rst section of the article covers
the presentation of four di2erent types of solar wall, the
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Trombe wall, the insulated Trombe wall, the non-ventilated
solar wall and the composite solar wall. We shall then
describe the experimental installations which enabled us
to obtain the measurements and the thermal study of the
composite solar wall. The following section is a descrip-
tion and validation of the model. Once validated, the model,
associated with the technique of factorial plans, enabled
us to identify the parameters which inDuence the e6-
ciency of the solar wall. The last section of the article
will be devoted to comparing the four di2erent solar walls
with regard to their energy e6ciency (mode and time
for releasing the energy collected) and with regard to the
unwanted energy supplies in summertime.

2. Presentation of the di�erent types of passive solar
wall

Passive solar walls are included in the shell of a build-
ing. Their function is to enable solar energy collection in
order to reduce the quantity of paying energy consumed
for standard heating installations. This “free” energy sup-
ply di2ers from direct solar gains obtained through glazed
surfaces due to the use of a storage wall. This wall, as its

0360-1323/02/$ - see front matter c© 2001 Elsevier Science Ltd. All rights reserved.
PII: S 0360 -1323(00)00072 -X



110 L. Zalewski et al. / Building and Environment 37 (2002) 109–121

Nomenclature

◦
m mass Dow (kg s−1)
Penth power provided to the air in the ventilated air

layer (W)
Sexch exchange surface (m2)
Tcv surface temperature of the wall measured using

the thermocouple inserted at the convective
Duxmeters (◦C)

Ts surface temperature of the storage wall (◦C)
Ta air temperature measured inside the air layer (◦C)
TSext wall surface temperature on the external side (◦C)
Tins:LA insulation surface temperature on the air layer

side (◦C)
Tins:room insulation surface temperature on the room

side (◦C)
Tuv air temperature at upper vent (◦C)
TLv air temperature at lower vent (◦C)

Indices

U Measurement at the upper part of the air
layer

M Measurement mid-way up the air layer
B Measurement at the bottom part of the air

layer

Greek letters

� density of Duid (kg m−3)
�cv density of convective Dux measured in the

ventilated air layer (W m−2)
�glob density of global Dux (convective + radiative)

measured in the air layer (W m−2)
�ext density of Dux measured on the external side

of the wall (W m−2)

name suggests, stores heat during the sunny periods and
releases it with a time lag which depends on the charac-
teristics of the wall. This supply can be used in addition
to direct solar gains, and thereby limit the risks of over-
heating.
Over time, modi5cations have been made to solar walls

in order to improve their e6ciency.
Four di2erent con5gurations of solar wall are presented

below, with their main advantages and disadvantages.
The composite solar wall (Fig. 1) comprises a trans-

parent outer cover, an enclosed air layer, a storage wall,
a ventilated air layer, and 5nally an insulation layer in
which two vents have been drilled. It works as follows.
The storage wall absorbs part of the solar energy and heats
up by greenhouse e2ect, stores and transmits the energy

Fig. 1. Composite solar wall.

by conduction towards the inside of the building. After a
certain time lag, depending on the type and thickness of
the wall, part of this energy is exchanged by convection
with the air, the rest being exchanged by radiation with
the insulation layer. A very small part of this energy re-
ceived by radiation is transmitted by conduction towards
the inside of the building, the rest is transferred to the air
by convection. Therefore, nearly all the supply is provided
to the building by means of the ventilated air layer. By
blocking o2 the circulation of the air, the supply is also
stopped, thereby avoiding any overheating, or the problem
of reverse heat circulation.
The composite solar wall has the following advantages:

• Good heat resistance (due to the presence of the insu-
lation layer and the air layers).

• No in5ltration of cool air through the outside cover.
• Due to the existence of the insulation layer, the supply
in summertime is limited. This is done by blocking o2
the air circulation in the ventilated layer and, if possible,
opening the outside air layer.

• The supply stored in the mass is released by means
of the ventilated layer, after a length of time which
depends on the type and the thickness of the wall.

• The supply can be controlled at all times by adjusting
the air circulation.

Its main drawback is that it requires a system to pre-
vent reverse heat circulation in the ventilated air layer.
This problem arises when the storage wall is colder than
the air in the ventilated layer. In that case, unless a system
is provided to block o2 the circulation, the air is cooled
and re-injected into the room through the lower vent. This
statement is also true for the standard Trombe wall, shown
in Fig. 2, the con5guration which was to lead to the de-
velopment of the composite solar wall.
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Fig. 2. Trombe wall.

By heating the air in the outside ventilated air layer by
convection, the supply is quickly released into the room,
whilst maintaining the advantages of storage in the mass.
This con5guration has the advantage of being more e6-
cient as compared to the previous one. A major drawback,
apart from the problem of reverse heat circulation, is the
lack of control over the energy supply (convection and
radiation) by the storage wall. Furthermore, supplies from
the ventilated layer are virtually direct solar supplies (risk
of overheating). It should be noted that this con5gura-
tion requires the transparent cover to be perfectly airtight
in order to avoid any likelihood of in5ltration of cold air.
This con5guration requires a solar shield to be 5tted in or-
der to reduce unwanted energy supplies during summer-
time.
To increase the thermal resistance of the Trombe wall

and control supplies, it is possible to 5t an insulation layer
on its back (Fig. 3). The advantage of this insulation layer
is that it improves the thermal resistance of the Trombe
wall, and therefore o2ers the possibility of controlling sup-
plies by simply adjusting the air circulation. Moreover,
this insulation layer blocks o2 virtually all the supply in
summertime. It is therefore no longer essential to 5t a so-
lar shield. However, the presence of the insulation limits
supply for the storage mass; virtually all the energy col-
lected is therefore rapidly directed into the room by the
air layer (short time lag).
We must not forget that this con5guration, like the pre-

vious one, requires the transparent cover to be perfectly
airtight.
The fourth and last con5guration is the simplest and

the oldest con5guration. In this case, the wall (Fig. 4)
comprises a transparent cover, an enclosed air layer and a
storage wall. It works as follows: the storage wall absorbs
the solar energy, and heats up by greenhouse e2ect, stores
the energy and transmits it by conduction inside the room.

Fig. 3. Insulated Trombe wall.

Fig. 4. Non-ventilated solar wall.

The energy is then released into the room by convection
and radiation. The main advantage of this con5guration is
its simplicity.
Its disadvantages are a lack of control in the supplies

stored in the mass, poor global thermal resistance of the
wall (extensive losses at night and during periods with no
sun) and the necessity of a solar shield in summertime to
avoid unwanted energy supplies.
After presenting several solar wall con5gurations, we

are now going to present the experimental composite solar
wall which has been used 5rst for conducting a thermal
study of the wall.
We have just presented the various types of passive

solar walls, with their main advantages and disadvantages
and operating principles. They use the di2erent heat trans-
fer modes that can usually be found in buildings simul-
taneously. To study and compare the e6ciency of these
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Fig. 5. Vertical cross-section of experimental composite solar wall.

walls, it is essential to conduct very detailed research into
the various physical phenomena involved in collecting and
transferring heat from outside into the premises that are
to be heated. Extensive research has been conducted on
this subject and is summarised as follows.

3. Experimental study

3.1. Experimental composite solar wall (geometry and
composition)

An experimental wall (Figs. 5 and 6) was built as
similar as possible to those built using normal civil engi-
neering practices. Hollow breeze-blocks 20 cm thick, solid
breeze-blocks and an air layer 5 cm thick were used to
obtain continuity over the two sides of the wall. To limit
the losses through the sides by conduction, a thin layer of
insulation was 5tted (see Fig. 6).

3.2. Experimental facility

The experimental composite solar wall was built on the
south side of a test cell under real conditions at the test
facility of Atomic Energy Centre (CEA) at Cadarache (lat-
itude: 43◦ 39′ 18′′ N; longitude: 5◦ 46′ 21′′ E; altitude:
268 m). It was studied over a period of nearly three years
[8], using a full range of instrumentation. This instrumen-
tation included thermocouples, tangent gradient Duxmeters
[9], two hot-wire anemometers, environmental temperature
probes (convective temperature and dry resultant probes)
and measurement sensors for meteorological parameters
(solar Dux density on a vertical wall, wind speed and out-
side temperature). Figs. 7 and 8 show the position of the
measurement probes and the list of variables.

The signals measured using these sensors were used
for validating a thermal simulation model that was de-
veloped at the same time. The tangent gradient Duxme-
ters, in this case, have virtually no perturbing e2ects on
the Dux to be measured [10]. Two series of 3 Duxmeters,
15×15 cm2 in size, were 5tted symmetrically in the ven-
tilated air layer on the concrete wall (see Figs. 7 and 8).
These sensors also include integrated “T”-type thermocou-
ples enabling simultaneous measurement of the heat Dux
density and temperature. One series of Duxmeters was cov-
ered with a slightly emittent coating layer (polished alu-
minium 
 = 0:05). The heat Dux density measured was
therefore essentially convective (�cv) [11–13]. The other
series of sensors was covered with a coating layer of the
same emittance as the wall to provide data concerning
the global heat Dux density (�glob) exchanged (convec-
tive + radiative) by the storage wall. Measurements of
temperatures (T ) and speed (hot-wire anemometer) in the
ventilated air layer completed the arrangement.
Before passing on to the model validation phase, the

model must include geometric characteristics, the thermo-
physical characteristics of the various elements of the wall,
the correlation adapted for calculating the exchange coef-
5cients, etc.
To compile this database, several studies have been con-

ducted, based on the various experimental measurements.
The purpose of these studies and the various results ob-
tained are summarised in the following section.

3.3. Experimental studies

Firstly, we examine the storage wall; by means of si-
multaneous measurements of Dux and temperature on the
two sides of the massive wall, it was possible to estab-
lish the thermo-physical properties (thermal conductivity,
product �C) [14,15]. Conductivity and thermal capacity of
the insulation layer were measured in the laboratory using
a method also based on Dux measurements [16]. The air
circulating in the ventilated layer collects heat from the
storage wall by convection, and from the insulation layer
before releasing it to the room building. The Dux density
meters placed on the massive wall were the essential el-
ements for the study of super5cial exchange within the
ventilated air layer. The measurements of convective Dux
density enabled in-situ calculation of the coe6cients of ex-
change by convection, and also selection of a correlation
adapted to the composite solar wall [13]. This was then
integrated into the model. Based on this principle, an orig-
inal method for energy balance of the air layer was pro-
duced. This method has been compared with other more
standard “processes” (enthalpy balance, or calculation of
load losses) [12,14].
Measurements of global Dux density (convection+

radiation) enabled the respective shares of Dux density
exchanged by convection and radiation to be estimated
[11,12].
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Fig. 6. Horizontal cross-section of the composite solar wall.

Fig. 7. Instrumentation — vertical cross-section.

The results obtained during these experimental studies
contributed in gaining a better knowledge of the thermo-
physical properties of the di2erent elements of the wall.
All these extremely precious data have been used in val-
idating the model. This phase has been extensively de-
scribed elsewhere [8,13] and will not be explained here.

4. Modelling — validation

4.1. Description of the model

A model for thermal calculation [8], based on the 5-
nite di2erence method, enables simulation of the temper-

Fig. 8. Instrumentation — front view.

ature range within a wall placed between two environ-
ments, in a variable system and in one dimension. The
wall is divided into meshes, at which the thermal balance
is assessed. Each wall comprises di2erent media (solid,
enclosed air layer, or ventilated air layer), divided into
mesh sections of identical size, with node points at the
intersections. The nodes placed at the limits are included
in the balance of solid–air exchanges. The heat transfer is
considered to be one dimensional, heat losses through the
surfaces at the sides are therefore negligible. To compute
the temperature 5eld in the wall, it is necessary to solve a
system of equations of balances established at the various
node points. An iterative process is used to compute the
solution, assuming a linearised system at each iteration,
and checking that the assumed initial and 5nal temper-
ature 5elds are consistent. The simpli5cations used have
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an inDuence on the accuracy of the model, so a validation
phase is essential.

4.2. Validating the model

In order to validate the model, experimental data are
compared with simulated data. These data concern physi-
cal magnitudes (temperature, Dux density) which are rep-
resentative of how the composite solar wall works. The
data of interest are, therefore, the internal and external
surface temperatures of the storage wall, the Dux densities
exchanged on the previously mentioned surfaces, and 5-
nally the power collected by means of the ventilated layer.
Fig. 9 shows the evolution of climatic conditions (so-
lar Dux density (global vertical) and outside temperature).
For the sake of clarity, the sequence presented has been
limited to 4 days. For this test, the con5guration of the
composite solar wall is as follows:

• Outside cover: single glazing (8 mm).
• Thickness of the enclosed air layer 3 cm.
• Colour of the outside surface: black.
• Thickness of the storage wall: solid concrete blocks of
15 cm.

• Ventilated air layer thickness: 4.5 cm.
• Insulating wall: 7.5 cm of polystyrene + 1 cm of plas-
ter.

• Size of vents: 60× 15 cm2.
• The surface of the wall is 3:3 m2.
• The reverse heat circulation protection system is a mo-
torised opening, controlled by a Duxmeter [8,13].

Fig. 10 shows the Dux densities measured and calcu-
lated on the outside surface (�ext) and the convective Dux
densities measured and calculated on the inside surface of
the storage wall.
Fig. 11 shows the temperatures measured and calculated

over the same surfaces of the storage wall.
Fig. 12 shows the power collected by means of the air

layer.
Pcalc is the power collected calculated by model.
Penth is the experimental power obtained from a

measurement of mean air Dowrate at the lower vent,
measurements of air input and output temperatures:
Penth: =

◦
m Cp[Tuv − TLv]. PDux is the experimental power

deduced from the heat Duxmeter measurements: PDux =
[�cv:massive wall + �cv:insulation]×Sexchange [12,14].
Figs. 10–12 demonstrate that there is good correlation

between the measured data and the simulated data. The
deviation between temperatures or Dux densities is lower
than 5% and the maximum deviation between the di2erent
powers is less than 10%. Similar comparisons have been
made over several periods of time, and have led us to
prove the reliability of our model [8,17]. Several di2erent
composite solar wall con5gurations have been studied for
this reason over long periods of time; modi5cation to the

solar absorption coe6cient of the storage wall, replace-
ment of the outside cover, modi5cation in the thickness of
the insulation layer, modi5cation in the size of the vents,
in the thickness of the enclosed air layer, etc. The model
has, therefore, become an indispensable tool for the next
part of our work.

4.3. Advantages of the model

The advantage of the model (thus now validated) lies
in the possibility of modifying a certain number of pa-
rameters and obtaining results very quickly. This enables
the study of typical cases to be conducted [8].
Using the method of factorial plans, we can identify

the essential parameters to have an inDuence on energy
e6ciency of the composite solar wall. Furthermore, it is
also possible to study the time necessary for release of
the energy collected by the composite solar wall, its level
of e6ciency depending on the thickness of the wall. It is
also of interest to be aware of the e2ect on e6ciency of
solar walls made of di2erent elements, the direction they
face and their site of installation.
The supply in summertime, which is one of the major

problems with solar walls, can be quanti5ed. It is also
possible to compare the operation and the e6ciency of
di2erent types of solar wall (unventilated wall, Trombe
wall, insulated Trombe wall, composite solar wall). We
suggest that we examine these two last points in the com-
ing section.

5. Simulation

5.1. Level factorial plan

The factorial plan technique [19,20] is a technique to
assess the inDuence of di2erent parameters (or variables)
on a given phenomenon. This is done by expressing the
phenomenon in the form of a simple equation which is
dependent on the di2erent parameters. Before reaching this
equation, we should specify what is meant by factorial
plan and level.

• The levels of a variable represent the whole set of pos-
sible values for the variable.

• A factorial plan is an experimental plan within which
each level of each of the parameters is associated once
with each level of the other factors.

Therefore, in two-level factorial plans, each production
of such a plan requires conducting nexp 2n experiments,
where n is the number of parameters the e2ects of which
we wish to measure, and nexp the number of experiments
conducted for each of the 2n experimental conditions.

However, for us, the results of the experiments are ob-
tained from simulation (nexp will, therefore, always be
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Fig. 9. Meteorological data.

Fig. 10. Flux denisites exchanged over the two surfaces of the storage wall.

Fig. 11. Temperatures of the two sides of the storage wall.
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Fig. 12. Power supplied to the premises.

equal to 1 since the computer will always give the same
result for each of the simulations).
The advantage of experiment plans is that they o2er

the possibility of exploring a region of parameter space
and can show dominant trends in order to direct ulterior
experimentation. However, the disadvantage of such plans
is that they double the number of experiments when a new
parameter is introduced.
The nature of the variables taken into consideration

can be either quantitative or qualitative. The encoding of
the variables is done so that for the quantitative vari-
ables, the minus sign represents the low level and the
plus sign the high level. For qualitative variables, the
two levels can be encoded by either a minus sign or a
plus sign (it is nevertheless preferable to keep a logical
notation).
To demonstrate the advantages of this technique, we

have taken the example of a composite solar wall with
a con5guration similar to that of our experimental wall.
Three parameters are tested (X1; X2; X3). In this two-level
factorial plan, two parameters are quantitative (the thick-
ness of the wall and the solar absorption coe6cient of the
outside surface of the storage wall), and one is qualitative
(the type of glazing).
The result of the experiments (here, numerical simula-

tions) corresponds to the energy provided to the building
by means of the composite south-facing solar wall for
1 m2 of collector located in Carpentras.
The objective now is to carry out calculations for

each possible combination (i.e. 23 = 8 calculations)
(Tables 1–3).
After obtaining the eight results, the aim now is to as-

sess the e2ect that each parameter produces on the energy
collected.

5.1.1. Measuring the main eAects
De5nition: the e2ect of each of the factors can be con-

sidered as the di2erence between two averages. Main

Table 1
Presentation of parameters

Parameters Designation Minimum Maximum
value: −1 value: +1

Thickness of the X1 10 cm 15 cm
storage wall
Absorption X2 0.8 0.9
coe6cient (�)
Type of glazing X3 Single glazing Double glazing

(SG) (DG) with low
emittance

Table 2
Table showing the variables in their original units

Result number Thickness of � Type of glazing
the wall (cm)

1 10 0.8 SG
2 15 0.8 SG
3 10 0.9 SG
4 15 0.9 SG
5 10 0.8 DG
6 15 0.8 DG
7 10 0.9 DG
8 15 0.9 DG

Table 3
Table with encoded variables

N◦ Thickness � Type of Energy
of the wall glazing collected

(kW h m−2)

1 −1 −1 −1 Y1 = 69:7
2 +1 −1 −1 Y2 = 58:1
3 −1 +1 −1 Y3 = 85:4
4 +1 +1 −1 Y4 = 72:1
5 −1 −1 +1 Y5 = 177:3
6 +1 −1 +1 Y6 = 166:5
7 −1 +1 +1 Y7 = 202:8
8 +1 +1 +1 Y8 = 190:4
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e2ect = Ym+ − Ym−, where Ym+ is the mean value of re-
sponses obtained when the variable has its +1 level and
Ym− is the mean value of responses obtained when the
variable has its −1 level.
For example, the main e2ect of the thickness of the

storage wall is given by

Coef 1 =
(Y2 + Y4 + Y6 + Y8)

4
− (Y1 + Y3 + Y5 + Y7)

4

=
(58:1 + 72:1 + 166:5 + 190:4)

4

− (69:7 + 85:4 + 177:3 + 202:8)
4

=−12:0:

Using the same principle, it is possible to assess the main
e2ect of � (coef 2), and the main e2ect of the type of
glazing (coef 3).

The parameters do not necessarily behave in an additive
manner, so there are interactions between parameters.

5.1.2. Measuring the interaction
Two-factor interaction: The interaction is measured by

the di2erence between the average e2ect of the 5rst pa-
rameter and the average e2ect of the second parameter.
The semi-di2erence is usually known as “interaction”.
Coef 1;2 is the interaction of the coe6cient � and the

thickness of the storage wall.

� Mean e2ect of the thickness of the storage wall

0.9 (Y4−Y3+Y8−Y7)
4

(+1)
0.8 (Y2−Y1+Y6−Y5)

4
(−1)

Interaction coef 1;2 = ( − )=2
=− 0:4

Coef 1:3 is the interaction of the type of glazing with the
thickness of the storage wall.
Coef 2;3 is the interaction of the type of glazing with �.
Three-factor interaction:

Coef 1;2;3 =
(Y2 − Y3 + Y5 + Y8)

4
− (Y1 + Y4 + Y6 + Y7)

4
:

The energy collected by the composite solar wall can be
expressed as follows:

E(kWh m−2) = RX +
Coef 1
2

X1 +
Coef 2
2

X2 +
Coef 13

2
X3

+Coef 1;2X1X2 + Coef 1;3X1X3

+Coef 2;3X2X3 +
Coef 1;2;3

2
X1X2X3

where RX is the arithmetical mean of the eight calculated
energies, X the parameter considered having as value +1

Table 4
Measuring the e2ects

RX 127.8

Coef 1 −12:0
Coef 2 19.8
Coef 3 113.0
Coef 1;2 −0:4
Coef 1;3 0.2
Coef 2;3 2.5
Coef 1;2;3 0.04

or −1; Coef x the main e2ect of the parameter X on en-
ergy collected, Coef xy the interaction of parameter X with
parameter Y and Coef xyz the interaction of the three
parameters.
The coe6cients are divided by 2 as the range of varia-

tion of variables X varies from −1 to +1 (the coe6cients
of two-factor interactions (coef 12; coef 13; coef 23) are not
divided by 2 since this coe6cient is taken into account in
the de5nition of the interaction).
The calculation of the di2erent e2ects are given in

Table 4
Fig. 13 enables a visual examination of the various

coe6cients (excepting the average RX ).
Fig. 13 shows the importance of the various parameters.

When the thickness of the storage wall is increased, the
e6ciency of the composite solar wall is reduced (coef1 is
negative). However, modi5cation to the absorption coe6-
cient (from 0.8 to 0.9) has a bene5cial e2ect on e6ciency
(coef 2 equal to +19:8). Replacement of the outside cover
(from single glazing to low emittance double glazing) has
an even greater eAect on e6ciency (coef 3 equal to +113).
It can also be considered that there is no interaction be-
tween the parameters since coef 1;2; coef 1;3; coef 2;3;
coef 1;2;3. are small.
To conclude, the results of this factorial plan show that,

in order to improve the e6ciency of the composite so-
lar wall, the thickness of the storage wall should not be
increased too much, but the absorption coe6cient of the
storage wall should be improved, and above all, the losses
should be limited (by reducing, for instance, the Dux den-
sity of the outside part of the wall).
Other factorial plans have been made. These have shown

that parameters such as the thickness of the insulating wall
and the size of the vents do not have a signi5cant e2ect
on the e6ciency of the composite solar wall.

5.2. Study of solar walls

The previous section showed that certain parameters
such as the type of outside cover, the emissivity coef-
5cient of the outside surface of the storage wall, or the
absorption coe6cient of the storage wall are essential in
improving the e6ciency of the system. To study the dif-
ferent con5gurations of solar walls, we have taken these



118 L. Zalewski et al. / Building and Environment 37 (2002) 109–121

Fig. 13. Representation of the di2erent coe6cients.

aspects into account, whilst keeping the materials iden-
tical to those used for the experimental composite solar
wall:

• Storage wall: solid breeze-blocks 15 cm thick.
• Enclosed air layer (thickness: 3 cm).
• Ventilated air layer (thickness: 5 cm).
• Insulating wall: 6.5 cm of expanded polystyrene + 1
cm of plaster.

• Vents: 114× 7 cm2.
• Solar absorption coe6cient of the storage wall on the
outside surface: 0.9.

• Transparent cover: double glazing with low emitting
coating on one side (
= 0:15).

• Reverse heat circulation protection system: soft plastic
5lm or motorised opening, controlled by a Dux density
meter [8].

5.2.1. The eBciency of solar walls
5.2.1.1. The eBciency of solar walls with low emittance
double glazing. The e6ciency of a solar wall depends on
the place where it is built and the direction it faces. For
our calculations, the walls are considered to face south,
the chosen sites are Trappes (longitude: 2◦01′, latitude:
48◦46′) and Carpentras [longitude: 5◦03′, latitude: 44◦08′).
The heating season lasts 241 days at Trappes and 196

days in Carpentras; the sum of solar energy over a ver-
tical surface facing south is equal to 429 kWh m−2 in
Trappes and 554 kWh m−2 in Carpentras. Fig. 14 rep-
resents the quantity of energy collected per m2 of wall
in Trappes or in Carpentras for each of the con5gura-
tions. The energy balance for a standard insulated wall
(Ktot = 0:47 W m−2 ◦C−1) is also given, for reference.
Globally speaking, these results show the advantages

of solar walls as compared to normal walls. If we ex-
amine the site of Carpentras, the energy gain over one

heating season is 217 + 23 = 240 kWh m−2 for the un-
ventilated solar wall, 286 kWh m−2 for the Trombe wall,
264 kWh m−2 for the insulated Trombe wall and
212 kWh m−2 for the composite solar wall. These results
also show that the most e6cient solar wall is the Trombe
wall and the least e6cient is the composite solar wall (re-
member, for the composite solar wall, the supply can be
controlled at all times by adjusting the air circulation).
Another essential aspect to be taken into considera-

tion is the way in which the energy is released into the
building.

5.2.1.2. The eBciency of solar walls with standard dou-
ble glazing. In this section, we intend to show the huge
di2erence between a solar wall equipped with a standard
double glazing and a solar wall equipped with a low emit-
tance double glazing.
A comparison of Figs. 14 with 15 shows the interest

of the new materials or the new technologies. They are
certainly important as regards the development and the
implementation of solar walls which should be used more
often in the future.

5.2.2. Modes and time for releasing energy supplies
Supply by convection (controllable), i.e. released by the

air layer, is di2erentiated from supply by conduction (en-
ergy which cannot be controlled, stored in the mass, then
transmitted to the premises by convective and radiative
exchange on the inside surface of the solar wall). To cal-
culate the time lag, the signals considered are the solar
Dux densities and the convective Dux densities exchanged
in the ventilated layer or on the inside surface of the solar
wall. We should also specify that these times depend on
the nature and the geometry of the various elements of



L. Zalewski et al. / Building and Environment 37 (2002) 109–121 119

Fig. 14. Energy collected during a heating season per m2 of wall surface (low emittance double glazing).

Fig. 15. Energy collected during a heating season per m2 of wall surface (standard wall).

the solar wall. In this case, they mainly depend on the
storage wall (solid breeze-blocks 15 cm thick, and with a
heat conductivity equal to 0:82 W m−1 ◦C−1). The calcu-
lations have been re5ned using intercorrelation functions
[18].
Fig. 16 shows the importance (in %) of each releasing

mode, for the various con5gurations. The 5gures at the
top of each bar of the chart indicate the release time for
each mode.
This 5gure clearly shows the advantages of the com-

posite solar wall. For a thickness of 15 cm, this wall re-
leases the maximum of controllable energy at the begin-
ning of the evening (towards 6 p.m.), when direct solar
gains have disappeared. Furthermore, it should be noted
that more than 90% of supplies are controllable (release
by air circulation). These two e2ects mean that it is pos-
sible to avoid the risks of overheating, therefore, periods
of time when the temperature is uncomfortable.

5.2.3. Supply in summertime
The evaluation of the quantity of energy transmitted

into the associated building, outside of the heating pe-
riods, was conducted considering that there was an in-
door temperature of 21◦C. The ventilated air layers of the
Trombe, insulated Trombe and the composite solar wall
were closed.
If no solar protection is provided, for Carpentras site,

the unventilated and the Trombe solar walls provide
253 kWh m−2; the insulated Trombe wall: 98 kWh m−2;
the composite solar wall: 92 kWh m−2.
In Trappes, the quantity of energy transmitted to the

building is the equivalent of 154 kWh m−2 for the un-
ventilated and Trombe wall con5gurations, and approx-
imately 60 kWh m−2 for the insulated Trombe and
composite solar walls.
These results show that 5tting insulation on the inside

surface of solar walls enables the unwanted supply to be
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Fig. 16. Release mode and times.

divided by 2.6 in the summer. These results are valid
whatever site is chosen for walls which are not equipped
with solar shields.
The advantages of installing or not installing solar pro-

tection should be evaluated depending on the site and the
type of solar wall.

6. Conclusion

This article has presented the principle and part of the
results concerning validation of a simulation model of the
thermal operation of solar walls.
This model, developed in a standard manner, has been

validated using numerous experimental results obtained
over a long period of monitoring (3 years) on a test cell
under real operating conditions. It was then possible to use
this model to study the e2ect of design parameters or new
materials (important for the future development of solar
walls) and to compare di2erent types of solar walls. These
results are essential elements for designers. They may be
used to optimise the choice of one or other con5guration
depending on the environment (the site) and the func-
tion of the building (accommodation, individual houses,
o6ces, etc.). These walls will, therefore, be able to par-
ticipate in the best possible manner in improving the e6-
ciency for collecting “free” energy and will no longer be
a handicap for managing comfortable environments (par-
ticularly in the summer, to avoid overheating).
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