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1. Introduction
1.1 History of photovoltaic systems …
Photovoltaics is one of the leading chains of "sustainable development". Indeed, when one
observes the development programs of energy systems in the countries or nations that move
towards sustainable development, we find that the solar (and through it the production of
energy through photovoltaics) represents the main axis of development.
One might at first believe that knowledge of the photovoltaic effect is recent. In fact, we
must go back to 1839 with the French physicist Edmund Becquerel who first discovered the
photovoltaic effect. It was during the period between the second half of the 19th and the
Second World War (1945) that scientific knowledge related to solar phenomena were
mastered. Thus, in 1875, Werner von Siemens presented to the Academy of Sciences in
Berlin an article on the photovoltaic effect in semiconductors and it was Albert Einstein who
first was able to explain the photovoltaic principle, thereby won the Nobel Prize for Physics
in 1923.
After the Second World War, when the world gets in another war called "cold war" between
the East Block in the West Block, the simmering conflict reached its apogee in the arms race
and especially in the space conquest. The space industry is now rapidly finding new and
innovative solutions that would power satellites into space. This was a boon for the
photovoltaic sector and will help structure an industry.
Thus, in 1954, with the developed of a high efficiency photovoltaic cell for the time (6%) and
in 1958, the rise of the yield to 9% and above, VANGUARD, the first satellite equipped with
photovoltaic cells was sent to the space.
The oil shocks of the 1970s allowed the industry to begin its development in civilian
applications in 1973 with the construction of the first house powered by solar cells at the
University of Delaware. The next step was the construction of the first car equipped with a
photovoltaic energy, which in 1983 covered a distance of 4000 km in Australia.
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Yet in 1980, while the industry is launched commercially, the following years have seen its
development focus mainly on rural electrification as well as some isolated houses for
professional use (refuges, measuring stations, etc.) and for many villages in developed
countries.
Since 1990, awareness of the phenomenon of global warming induced the development of
the concept of sustainable development, with effect of boosting the photovoltaic and allows
it to pass a critical level.
With the advent of power electronics, the use of PV systems connected to the network
exploded in 2007, to represent over 90% of PV capacity installed. Then programs of gridconnected photovoltaic roofs appeared in 1995 in Japan and Germany, with a generalization
from 2001.
1.2 … Integrated in buildings
Integrating the frame represents the substitution of traditional building elements of homes
and buildings with PV systems. This type of system offers the advantage of improving the
profitability of a construction project from the substitution by the photovoltaic modules of
traditional materials or equipment.
This may seem surprising at first, because of the cost of a photovoltaic system, but in fact,
given the fact that the cost of redeeming a photovoltaic system integrated into the frame is
low, the overall calculation of a construction project it is in fact improved.
The types of integration are built:


Sloped roofs
o Photovoltaic tiles
o Systems integration of conventional modules
o PV steel bins
o PV membranes (in some cases)



Flat roofs
o PV membranes
o Photovoltaic steel trays (in some cases)



Facades
o Conventional modules mounted on a metal specific structure
o Systems integration of conventional modules (for some systems)



Sun visors
o Conventional modules mounted on a specific metal structure



Windows
o Semi transparent modules, translucent or only on specific structure
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In France, the systems integrated into buildings can receive a higher purchase price with the
"premium built integration". This bonus is awarded when the systems met the eligibility
criteria.
The base rates and the premium rates are adjusted each year so that by 2009, rates for
purchases are as follows:

Metropolitan France
Corsica & DOM TOM
Basic rate: 0.32823 € / kWh
Basic price: € 0.43764 / kWh
Grant for integration: € 0.27353 / kWh
Grant for integration: € 0.16412 / kWh
Integrated tariff: € 0.60176 / kWh
Integrated tariff: € 0.60176 / kWh
Table 1. Rates of photovoltaic energy in France in 2009
The solar integrated building is a French particularity.
The architectural integration of photovoltaics promotes a healthier growth of the sector,
because avoids speculative effects related to the explosion of large solar parks.
Since July 2006, France has thus feed-in tariffs of PV highest in the world with a significant
premium to the frame integration, thereby stimulating the market to maturity.
Financial incentive in addition to the context of fiscal incentive (tax credit, VAT at 5.5%, aid
communities) and regulatory objectives are clear and ambitious (23% renewable by 2020,
nine buildings positive energy around 2020).
Investment in building integrated photovoltaics is now a 20-year guaranteed investment,
which generates an average return rate of 8 to 10%.
1.3 From global warming …
Global Warming is one of the most controversial sciences from the 21 st century, challenging
the very structure of our global society. The problem is that global warming is not just a
scientific concern, but encompasses economics, sociology, geopolitics, local politics, and
individuals' choice of lifestyle. Global warming is caused by the massive increase of
greenhouse gases, such as carbon dioxide, in the atmosphere, resulting from the burning of
fossils fuels and deforestation. There is clear evidence that we have already elevated
concentrations of atmospheric carbon dioxide to their highest level for the last half million
years and maybe even longer. Scientists believe that is causing the Earth to warm faster than
at any other time during, at the very least, the past one thousand years. The most recent
report by the Intergovernmental Panel on Climate Change (IPCC) states that there is a clear
evidence for 0.6°C rise in global temperature and 20 cm in sea level during the 20 th century.
The IPCC also predicts that the global temperatures could rise by between 1.4°C and 5.8°C
and sea level could rise by between 20 cm and 88 cm by the year 2100.
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1.4 … to energetic optimization of buildings
The electrical energy consumed in a building is divided on such items as lighting,
equipment (Hi-Fi, TV ,...) production of hot water, electric heating, air conditioning ... but
the position still remains the majority consumer of heating or cooling (depending on
whether it is summer or winter). However, the introduction of PV plant on the roofs of
buildings can impact the use of air conditioning because the plant acts as a double skin on
the roof. Thus, there is a direct relationship between the presence of a PV installation on a
building with its power consumption because of the role played by the central insulation in
reducing the operating time of air conditioning, so the power consumption of the building.
The challenge is thus to be able to model the coupling PV production - profile of energy
consumption in a building to control the operation of energy consuming equipment that
they operated during hours of plant output PV. This is the approach that, combined with a
master's program of energy in the building, ultimately achieves what is called a positive
energy building, meaning a building that produces, much less energy than it consumes.

2. Methodology
2.1 Context and objectives
The purpose of this study is to establish a physical model able to describe, transiently, the
thermal phenomena taking place in a Building Integrated Photovoltaic systems (BIPV) or
Building Added Photovoltaic system namely BAPV (see Fig 1). The model should be able to
take into account the different positions of photovoltaic panels (inclined, horizontal and
vertical) that are integrated into the architecture of the building (roof, facades, awnings,
closeroofs, etc.).

Fig 1. Illustration of BIPV and BAPV
Moreover, it is important for the results to be validated, in order to allow their use when
dealing with studies about renewable energy and building energy consumption and
optimisation. For this, worldwide recognized procedures exist and can be applied to
implemented models to test their general behaviour under given conditions.
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2.2 Literature review
In the early 1990s, BIPV started to become more important. Many studies have been
conducted to describe the evolution of the temperature of BIPV products and systems. These
studies were conducted in different fields of scientific research:

The development of physical models;

The design of experimental devices;

Finally, the conception of software‟s capable to give the evolution of this
temperature in the space and the time. Other research has been conducted to
ensure the reliability of the software to simulate correctly the temperature.
This paragraph presents an inventory of all the work developed in the field of BIPV.
2.2.1 Existing models
In 2001, Zondag did a numerical study on the BIPV roof (Zondag, 2001). Kropf (Kropf, 2003)
developed a simulation model for dynamical calculation of the heat gain of BIPVT. Many
models have been conducted as for BIPV-Thermal system included facade- integrated and
roof-integrated PVT (Photovoltaic and Thermal collector), system ventilation BIPV (Zondag,
2008); (Bazilian & Prasad, 2001); (Bazilian, 2002.) ;(Kondratenko, 2003.). Generally, there are
three models types for characterize dynamic and steady state aspects: experimental,
numerical (3D, 2D and 1D), and analytical models of performance of BIPV systems.
In 2006, Wang (Wang et al, 2006) compared four thermal models, one-dimensional,
transient, for different roofs to evaluate the impacts of BIPV on the building‟s heating-andcooling loads: ventilated air-gap BIPV, non-ventilated (closed) air-gap BIPV, close roof
mounted BIPV, and conventional roof with no PV and no air gap. An objective of this study
was to evaluate the photovoltaic performances and building cooling-and-heating loads
across the different roofs in order to select the appropriate roof BIPV system.
Jie (Jie et al, 2007) developed a two-dimensional thermal model of PV glass panel and model
of the PV-Trombe wall system. These models can be used to predict the temperature
distribution of a room at any time too.
Guiavarch and peuportier (Guiavarch & Peuportier, 2006) calculated the thermal yield of a
BIPVT (Building Integrated Photovoltaic and thermal collector system) for climate of Paris
and Nice (in France).
Tian (Tian et al., 2007) introduced a PTEBU model. This model described the thermal
influence of BIPV on microclimate of urban canopy layer.
In 2008, Fung (Fung & Yang, 2008) presented the Semi-transparent Photovoltaic module
Heat Gain (SPVHG) model for evaluating the heat gain of semi-transparent photovoltaic
modules of BIPV applications on one-dimensional transient heat transfer.
In the same year, Chow (Chow et al., 2007) have taken over the work of Jiméner and
presented a numerical modelling (based on the multi-node scheme) of a building integrated
photovoltaic and water-heating (BIPVW) system. The authors have gathered the various
existing models in the field of thermal building, photovoltaic and thermal collector system
in a single dynamic model of the BIPVW system.
In 2008, Jiménez (Jiménez et al., 2008) worked on the linear and non linear continuous time
modelling of physical systems using discrete time data (stochastic models), in particularly,
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on BIPV systems. Continuous-discrete stochastic state space model consists of a set of
Stochastic Differential Equations (SDE‟s) describing the dynamics of the system in
continuous time and a set of discrete time measurement equations.
In 2009, Skoplaki (Skoplaski, & Palyvos, 2009) established the important role of the
operating temperature in relation to electrical efficiency of a BIPV array. Authors developed
an implicit correlation for the PV operating temperature and compared the empirical
modelling with other implicit and explicit equations for Tc (cell/module operating
Temperature) in the scientific literature review. The author recommends being careful in
applying a particular expression to BIPV installation because the available equations have
been developed with a specific mounted geometry or building integration level in mind.
In 2009, Nynne (Nynne et al., 2009) presented a new mathematical modelling of the heat
transfer of BIPV modules for a stochastic non-linear physical system. This model takes into
account ambient wind velocity and the PV module temperature variations.
In 2010, Steven and Benjamin (Steven & Benjamin, 2010) developed a Finite Element Model
(F.E.M) applied into a double pane glazing system. The model is capable to study the
thermal and electrical performance for an opaque Active Thermal Insulator (A.T.I) glazing
system. A.T.I- systems represent a new thermal control technology that uses solar energy to
compensate for passive heat losses or gains in building envelopes.
2.2.2 Experiment tests cases and validations
Many Scientific studies were conducted, in the world, on BIPV and BAPV systems. Most
significant and recent studies that were treated in the thermal aspect of BIPV systems are as
follows.
In 2001, Cherruault (Cherruault & Wheldon, 2001) evaluated the performance of BIPV
system installed in the refurbishment of the roof at the University of Reading in UK. The
report contained many references of thermal measurement database of the BIPV.
In 2008, Xu (Xu & Dessel, 2008) worked on the technology of Active Building Envelope
(ABE) in particularly, the experimental ABE window-system for the testing room in USA.
Test set up and protocol of measuring errors of BIPV was described.
Trinuruk developed other experimental test cases in 2009 (Trinuruk et al., 2009). Indeed,
Authors developed Scale Models that represented structure envelopes of building in
Thailand and integrated BIPV systems (Photovoltaic in the façade of the wall). Experimental
facility and measuring equipment set up was presented in this work. The PV module
installed can be positioned with different inclination angles relative to the test room (Scale
Model).
Bigot has worked on Isotest cells (scale models tests rooms) and compared the experimental
thermal performance of BIPV in tropical region. Results of experimental measurements have
shown that building added photovoltaic systems might reduce the temperature inside the
building around 3-6 degrees depending on the configurations chosen (Bigot et al. 2009).
In 2009, Mei (Mei et al., 2009) presented the results of a laboratory based experimental
investigation undertaken to determine the potential for high temperature operation in such
a BIPV installation in UK.
In this same year, Park (Park et al., 2010) studied the thermal performance of a semitransparent PV module that was designed as a glazing component. The experiment was
performed under both Standard Test Condition (STC) and outdoor conditions.
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2.3 A combined approach (M.E.V.)
To determine both the thermal behaviour and the performances of BIPV and BAPV installed
according to the state of the art, it is important to combine three parts: Modelling,
Experimentation and Validation (what we‟ll indicate as M.E.V.). The first one consists of the
detailed modelling of the energetic system composed of the whole building, including the
added PV panels. For this, it is necessary to define the correct level of description in order to
be able to use the results during practical studies. This part is illustrated on the left side of
fig 2.

Study of BIPV and
BAPV
Numerical part
Development of a detailed
mathematical model

Experimental confrontation
of the model

Sensitivity analysis and
optimization

Experimental part

Experimental database
using tests cells in field
environment and including
meteorological
measurements

Validation part

Determination of the thermal behavior and
performances under realistic conditions
Fig 2. General overview of the methodology
The detailed model then goes through a validation step, including comparisons with
measurements and also two important analyses: parameters sensitivity and optimization. At
the end of the process, the model can be used to determine, in several conditions, the
general thermal behaviour of the building as well as its performances.
The corresponding steps indicated on the right side of fig 2., concern the experimental part.
Indeed, to be able to run the validation process, it is necessary to have at least one
measurement database, for comparisons. Such data have to be of high quality and
correspond to realistic conditions. It also has to be constituted such that direct comparisons
of equivalent variables in both the model and the experimentation can be done. Parameters
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as time step of measurements, location of the sensors, errors calculations of the whole data
acquisition system have to be determined to ensure the accuracy of the results.
The last part combine the two preceding ones, in the sense that it uses the predictions of the
model, and also the measurements included in the database. The validation step follows a
worldwide known procedure, known as the BESTEST procedure (Judkoff et al., 1995). It
consists of verifying the calculation code of the model, through analytical tests and intersoftware comparisons, and also of validating the model, through predictions/measurements
comparisons and also a detailed analysis of the model, with sensitivity analysis,
optimisation and corroboration.
2.4 Numerical and experimental tools
To apply the above methodology, numerical and experimental tools are needed. In our case,
they have been totally developed and dedicated to the present study and constitute an
original contribution to international studies about complex wall, especially including PV
systems. Many publications have involved these tools, for example (Miranville, 2003) and
(Bigot, 2009).
The numerical code used to predict the thermal response of the whole building envelope is
part of the thermo-hygro-aeraulic simulation codes and is based on a multizone description
of the physical system (here composed of the building and its very specific wall with PV).
Specifics developments have been done to allow the correct modelling of the system, with a
very special focus on radiative exchanges in semi-transparent layers. The corresponding
model is described further and constitutes the main addition to the building simulation code
that is necessary for predicting the temperature field.
In terms of experimental equipment, a dedicated platform has been set up, build in field
environment, constituting a unique case for the French overseas departments. It is
composed of several test cells, as it will be described further, allowing the collection of
experimental databases, needed for comparisons with code predictions. Combining the two
tools give a powerful means to analyse the adequacy between models and measurements
and thus go further in the knowledge about building physics.
2.5 Performance indicators
Once a model is validated, it can be used to evaluate the thermal performance of the
building; if the aim of the study is to calculate the thermal performance of a wall, several
performance indicators can be used:
1.
2.

The R-value
The percentage of reduction of the heat flux

The R-value is the most known performance indicator for walls, as it is part of the theory of
heat transfers, in particular for steady state conditions. In field environment, with
measurements, it is possible to calculate the R-value, using dynamic values. The used
method to reach this objective is called the average method and is well known among
performance materials researchers. Restrictions for the obtaining of correct values are
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imposed. If well used, it is possible to determine a R-value which is very near from the
indicator in steady-state conditions.
The average method is precisely described in (ISO-9869, 1994) and is based on an evaluation
of the thermal resistance R of a wall with the following mathematical expression:
n

R

 (T
i 1

se,i

 Tsi,i )

n

 i

[m².K / W ]

i 1

With:
Tse,i: outer surface temperature of the wall [K]
Tsi,i: inner surface temperature of the wall [K]
φi : heat flux density through the wall [W/m²]
Another well-used indicator, when dealing with performance of complex walls, is the
percentage of reduction of the heat flux. Its application requires comparative experimental
or numerical studies, one set with the specific wall, another set equipped with a reference
wall. The calculation is simply done according to the following equation:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

𝜑𝑤𝑎𝑙𝑙

𝑤𝑖𝑡 ℎ 𝑃𝑉 . 𝑑𝑡

−

𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑

𝜑𝑤𝑎𝑙𝑙

𝜑𝑤𝑎𝑙𝑙

𝑤𝑖𝑡 ℎ𝑜𝑢𝑡 𝑃𝑉 . 𝑑𝑡

𝑤𝑖𝑡 ℎ𝑜𝑢𝑡 𝑃𝑉 . 𝑑𝑡

These two indicators are often used to demonstrate the thermal performance of building
walls, and are usually evaluated in the post-processing step of models results.

3. Modelling of building integrated PV (BIPV)
3.1 Physical and structural description
In this study, interest has focused on photovoltaic systems installed on buildings.
Specifically, on systems that are installed on the walls of a building, either in front or on the
roof. Such systems are generally integrated into the architecture of the building; they are
designated by the term "BIPV" i.e. "Building Integrated Photovoltaics". These systems can be
installed on the roof of a building, like sun protection in front, in walls or trombe walls, or
embedded in glass windows.
In this context, and in order to approach the building simulation code that will be
subsequently used, it was decided to consider these systems as a particular type of wall. The
walls of a building are generally opaque except glasses of windows. So the photovoltaic wall
system has been considered like an assembly of the photovoltaic panel and the wall that
supports it.
The characteristic of a photovoltaic system, compared to other types of walls encountered in
a building, is that a part of its component layers is semitransparent. Semitransparent layers
are mainly those of the panel that produce electricity. They are an assembly of materials,
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generally glass, and the silicon under it (or other semiconductor material that can produce
electricity when exposed to radiation). In addition, silicon is typically encapsulated in two
layers of material used to protect it (see Fig 3).

Glass
Semi-conductor protection layer
Semi-conductor (traditionnaly silicon)
Aluminum or Tedlar

Fig 3. Cross section of a typical photovoltaic panel
In these semitransparent layers, complex radiative phenomena occur. Indeed, the
multiplicity of layers causes complex reflection phenomena in the semitransparent medium.
This is shown in Fig 4. A ray of light that reach the surface of a layer of material will be
decomposed into three fluxes: absorbed, reflected and transmitted.
Furthermore, another feature of the system is that it may contain air or water gaps. These air
gaps may be contained in the wall where the panel is installed or between the wall and the
photovoltaic panel (as in the case of trombe walls or on some photovoltaic roof). The blades
of water are present in hybrid PV systems. These layers of fluid are complex to model, and
are host of phenomena due to different ventilation system integration in the building. They
may be influenced by conditions outside the system (such as wind in the case of opened air
gaps in roof installations).


Solar
irradiance E




Transmitted
flow

Layer 1

Reflected
flow

Layer 2

Absorbed
flow

Layer N

Fig 4. Section view of the multiple reflections phenomena in a semi-transparent multilayer
material
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3.2 Thermal phenomena and assumptions
The walls are modelled layer by layer. The goal is to find the energy transfer across the solar
system and its coupling with the building, it is not necessary to model finely phenomena. In
addition, the coupling of the wall model with the PV will be done with an existing code,
named Isolab (Miranville, 2003). This code models each type of walls in the same manner,
by reducing the thermal problem at the scale of the material layer.
Isolab is a building simulation code able to predict the heat and mass transfer in buildings
according to a nodal 1D description of the building and its corresponding thermo-physical
and geometrical parameters. The resolution is based on a finite difference numeric scheme
and the system of differential equations, written in a matrix form, is solved numerically for
each time step.
In the version of Isolab that was used as the basis for this work, the walls are described by
using heat balance equation. This equation is discretized by finite difference method
dynamically according to a nodal 1D description in the thickness of each wall.
The heat transfer equation takes into account the conduction phenomena in different layers.
But the phenomena occurring in convective fluid layers and radiative semitransparent
layers must be described specifically.
Regarding the fluid layers, the choice was made to use empirical models. These models can
characterize the convective heat flux by determining the coefficient of convective heat
exchange between the fluid and the considered wall. This coefficient will depend on the
flow regime in the fluid layer, and the temperature of the fluid. Several models have been
chosen to perform the tests; they were chosen to meet the most technical configurations of
the panel (Bigot, 2009). Note that the models chosen are not necessarily the most appropriate
in some cases. The goal here is to test the ability of these models to describe our system. It
will be necessary in the future to choose other models as appropriate, and validate them.
These models were implemented directly in the PV model code. They are chosen
automatically by the program as needed (cavity vertical, inclined, horizontal, or depending
on the configuration of the air layer in terms of opening to the outside, and thus ventilation).
To model the radiative phenomena in the semitransparent medium, the model chosen
follows the "ray tracing" method. It is presented in the next section.
3.3 Derivation of the problem
The « ray tracing » method is a model that can describe radiative exchanges in
semitransparent mediums. In this work, the model was inspired of Robert Siegel works
(Siegel, 1992). This model consists on a net radiative balance of fluxes at each layer of
material. As its name suggests, a ray of light will be followed and dispatched every time it
will meet a new material surface (see Fig 4). With each new surface it encounters, the ray
will be divided into three parts until meeting an opaque layer: the flux absorbed by the layer
encountered, the flux transmitted through this layer, and the flux reflected by this layer to
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the layer where the ray comes from. These phenomena are reproduced until encounter an
opaque layer (the layer N where τ > 0 on Fig. 4).
A system describing radiative flux exchanges can be defined for such a problem:
Φabs(i,1,j) is the flow absorbed by the layer i at the iteration j on its exterior face (Φabs(i,2,j)
corresponds to the inside); Φtrans(i→k,j) is the flux transmitted on the layer k by the layer i in
the iteration j, and Φref(i→k,j) is the reflected flux by the layer i on the layer k for the iteration
j. In the below relations, the indicated physical parameters are the following:
Φi: absorption coefficient of the layer i
Φi: transmission coefficient of the layer i
Φi: reflectivity coefficient of the layer i
Φi: emissivity coefficient of the layer i
Fpe: view factor between the panel and the environment
Fpi: view factor between layers i and j
E: incident shortwave radiation
Ti: temperature of the layer i
Φabs: absorbed radiation flux
Φtrans: transmitted radiation flux
Φref: reflected radiation flux
In terms of equations, the physical phenomenon can be described as indicated below:
• Initial condition:

 abs 1,1,1  E  S  1  Fpe
trans 1  2,1  E  S 1  F12
trans  N  1  N ,1   N 1    S  TN41  FN 1, N

• Boundary conditions: for 2 ≤ j ≤ I:

abs 1,2, j   abs 1, j  1,2   ref  2  1, j  1  trans  2  1, j  1   1  F21

trans  N  1  N , j   0 ; trans 1  2, j   0 ;  ref 1  2, j   0

ref  N  1  N , j    trans  N  N  1, j  1   ref  N  N  1, J  1    N 1  FN 1, N

• System description: for 2 ≤ j ≤ I et 2 ≤ i ≤ N:

abs  i,1, j   abs  i, j 1,1   ref i 1  i, j 1  trans i 1  i, j 1   i  Fi1,i

abs  i,2, j   abs  i, j 1,2    ref i  1  i, j 1  trans i  1  i, j 1   i  Fi1,i

ref  i  i  1, j    trans  i  1  i, j  1   i  Fi 1,i

ref  i  i  1, j    trans  i  1  i, j  1   i  Fi 1,i

trans  i  i  1, j    trans  i  1  i, j  1   ref  i  1  i, j  1   i  Fi ,i 1

trans  i  i  1, j    trans  i  1  i, j  1   ref  i  1  i, j  1   i  Fi ,i 1
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The absorbed flux by the layer situated after the PV system and the absorbed flux by each
layer are known:
jI

 abs  N  1,1   N 1  FN , N 1   trans  N  N  1, j 
j 1

jI

jI

 abs (i,1)    abs  i, j,1

 abs (i, 2)    abs  i, j, 2 

j 1

j 1

Iterations can be stopped when the residual energy of the system is lower than a threshold
value (erreur):
iN

i N

   i, j    i, j      i, j 1   i, j 1  erreur
i 1

trans

ref

i 1

trans

ref

The integration of the PV module to the building simulation is done according to the
synoptic of Fig. 5. Once the thermal model of the considered building without PV panels is
generated, a test is done in order to detect the inclusion of PV panels; if PV panels are
detected, the PV module generates the corresponding system of equations and solves the
whole model. Results can then be analysed.
Meteorological
data

Building physical and
structural description

Thermal model

PV panel
included ?

PV module
(generation of the PV matrix system
and assembly with the previous
thermal one)

Results (thermal field)
Fig 5. Integration of the PV calculation module to the existing Isolab code
3.4 Numerical resolution
By discretizing the heat equation below as described above, we obtain a system describing
the evolution of the temperature in each building wall. This system of equations can be
written in matrix form to facilitate its handling and resolution.
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 2T
1 T


P
x 2
a t

where

a


 Cp

In the case where the material is a semi-transparent layer, P is the radiative energy absorbed
by the semi-transparent layer. P is null in other cases.
We solve this equation by discretizing with a finite difference method. Each layer of material
is cut in many nodes. We obtain three types of equations by doing the discretization:
 A first for nodes inside the layer:

t
t 
t
Tct    Tct1 1  1  2   Tct 1   Tct11  P
c


c 
c



A second for nodes on extremity of the wall or near a fluid layer (c is the
number of the node in the wall):

T  t 1 2t t 1 2t
Tct  1  2 
T 

 T 
c  c
 c c 1 Cc inc




A third for nodes of the surface between two conductive materials:
kc 1
kc 1
Tct 
 Tct1 
 Tct11
kc  kc 1
kc  kc 1

Where:   Cc ;
c

kc

Cc  c  C pc  x ;

kc 

c

x

For surface node temperatures, the φinc corresponds to the sum of convective and radiative
exchange fluxes.
These equations are applied to all nodes of the building system, and we obtain an equation
system that describes the evolution of each temperature. It can be expressed in a numeric
form by the following matrix equation:

 Ai  T    Ae  T 
t

t 1

B

Matrixes [A]i and [A]e describe the composition of the various materials constituting the
building, while [B] corresponds to outside or internal solicitations of the system. Matrixes
[T]t and [T]t+1 contain all nodes temperatures of all walls.
Finally, a matrix system is obtained that describes the temperature evolution of the PV wall.
It is included like a traditional wall by Isolab to the matrix building system. Function of the
surfaces, the PV wall is partly or totally substituted to the wall where the PV panel is
installed.
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4. Experimentation of BIPV
4.1 A dedicated experimental platform
In order to apply the preceding combined methodology, a dedicated experimental platform
was set up, in field environment. It is indeed very important to be able to determine the
physical behaviour of the whole building equipped with the BIPV or the BAPV, under
realistic conditions. For this, the experimental platform includes several cells, facing north,
and fully instrumented. A meteorological station is also integrated, to allow the
measurement of the climatic conditions of the location. The cells are of two types. A large
scale test cell, named LGI, is used to represent typical conditions of a real building and its
thermal response. Four other cells (ISOTEST cells) are installed on the platform, reduced size
and dedicated to the simultaneous comparison of different types of walls installed on
buildings. An overview of the platform is presented on fig 6 and the two types of cells are
illustrated on fig 7.

Fig 6 & 7. The experimental platform and the test cells
The study undertaken here is made with ISOTEST test cells in order to compare directly the
cases between the buildings which are equipped with a PV panel and those which are not
(see fig 8 and 9). These experimental cells have indeed been set up to allow a comparison
between the several types of roof components, all in the same conditions. Each of them is
equipped with a specific roof component and is fully instrumented to allow the physical
observation of the energetic behaviour. It has an interior volume of about 1m 3 and is
conceived from a modular structure, which means that with the same cell we can study
different configurations and phenomena. This is why the walls are movable. It constitutes a
basis for the thermal studies of building components, with the advantage of flexibility and
easy-to-use, especially when several products must be tested. It is installed in-situ, which
allows us a better observation of the actual behaviour of the cell. Thanks to this method, we
are able to know the temperature of each part of the system in different configurations but
in the same environmental conditions. Comparisons between the test cells have been made.
Before this, a calibration step has been done to make sure that the four cells had the same
thermal behaviour.
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Fig 8. Current aerial view of Isotest Cells

Fig 9. Photography of Isotest cell without and with PV panel
4.2 Data acquisition sensors and errors
The data measured in this experiment are inside surface temperatures of walls and roof, air
temperatures, and heat flux through each roofs (see fig 10). The global error of these
measurement equipments (sensors and data acquisition system) is about one degree celsius
(±1°C) for the temperature and ±10% for the heat flux (Miranville, 2002). The last study
made with this equipment dating for one year, it was necessary to calibrate the equipment.
This was done by running a calibration procedure consisting in determining the calibration
coefficient allowing the correct inter-comparison of the response of the cells.
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Fig 10. Sensors installation in the roof wall.
5. Validation
5.1 Overview
Building simulation codes are useful to point out the energetic behaviour of a building as a
function of given inputs. The steps involved in this process depend on a mathematical
model, which is considered a global model because it involves several so-called elementary
models (conductive, convective, radiative, etc.). Therefore the validation procedure will
involve verifying not only the elementary models, but also their coupling, as the building
model can be seen as the coupling of a given combination of elementary models.
For several years a common international validation methodology has been developed,
which, among others, has led to Anglo-French cooperation. This latter brought to fruition a
common validation methodology, involving two test categories, as indicated in table 2.
Verification of the basic theory
Verification of good numerical behaviour
Comparison of software
Analytic verification of elementary models
Parametric sensitivity analysis
Empirical validation
Table 2. Global validation methodology

„Pre-Tests‟

„Post-Tests‟

The first, generally called „a priori‟ or „pre-„ tests, involves the verification of the
programming code, from the under-lying theory of the elementary models, to software
comparisons, and finally to analytic verifications. The objective is to ensure the correct
implementation of the elementary models and the correct representation of their coupling at
the level of the global model.
This important step of validation justifies the development of dedicated software tools, such
as the BESTEST procedure (Judkoff et al., 1995). This latter is essentially based on the
comparison between the programming code predictions with so-called reference software
results, for a range of different configurations. As a result it includes aspects of verification
of correct numerical behaviour and of cross-software comparison, and allows us to compare
the program to analogue tools. If the results compare well with those found during this
procedure, the programming code is considered acceptable.
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The second part of the validation methodology, known as the „a posteriori‟ or „post-‟tests,
involves two main steps, the parametric sensitivity analysis and, most important, the
empirical validation. This second step is fundamental, because it compares the program‟s
predictions with the physical reality of the phenomena, using measurements. It therefore
requires an experiment to be set-up, with the aim of obtaining high quality measurements.
The sensitivity analysis of the model consists of finding the set of parameters with most
influence on a particular output. It is also used when seeking the cause of any difference
between the model and measurements, and allows us to focus this search on a restricted set
of parameters, which control the considered output.
Further, the empirical validation methodology is a function of the given objective and of the
type of model under consideration; in our case, the empirical validation must allow us to
demonstrate the correct thermal behaviour of the building envelope, in particular at the
level of the complex wall including a PV panel.
5.3 Empirical validation
In order to improve the PV model, a comparison has been made between measurements and
simulation data (see fig. 11) for the case of the PV panel with a confined air layer. In
previous articles, the ISOLAB code has already been validated in many cases by
comparisons with other building simulation codes, as well as experimental validations. This
comparisons can show advantages and disadvantages of the model. In figures presented
below, the main temperatures are compared for the previous cell.

Fig 11. Temperatures of the PV installation with a confined air layer
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For the temperatures obtained for the body of the cell, a good agreement is obtained, the
average difference of temperature being weak, of the order of 1°C. Nevertheless Figure 11
shows, although the PV model has a good dynamic behaviour in the case of a confined air
layer, noticeable differences between the model and the reality of measurements. These
differences can be related to:
• Thermo-physical properties (conduction, thermal capacity, transmitivity,
absorptivity...) of each PV panel material, which are not exactly known. Industrials
did not give details of those properties in order to protect their copyright.
• The precision of the radiative model (of PV panels) or convective model (of air
layer) in the PV modelling.
To give elements of answers for these differences between predictions and measurements, a
sensitivity analysis was made, as explained in the following paragraph.
5.4 Sensitivity analysis
The sensitivity analysis consists in performing several simulation runs by oscillating each
parameter according to a sinusoid over its range of interest. Analyzing the spectrum
(Fourier transform or power spectral density) of the output, identification of the most
influential factors can be easily derived (Mara, 2000); (Mara et al., 2000); (Mara, 2002).

Fig 12. Procedure of sensitivity analysis.
The proposed FAST method (Fast Fourier Amplitude Transform) uses a sinusoidal sampling
of parameters around their base value, each parameter having its own frequency, the
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variation being applied to a simulation on the other as shown in fig. 12. Thus, the process is
analogous to the use of an experimental design where the parameters are varied in each test
according to a predetermined pattern, so to sweep the best surface model response.
The sensitivity analysis is composed of three steps:
• The first step that put in evidence the most influential parameters, shown on the
figure 13 (Fourier spectrum). For each frequency that corresponds to each parameter
it can be shown if it has an effect on the outputs.
• The second step presents principal effects of each parameter on the outputs. It
represents the linear effect of each parameter.
• The third step presents non linear effects of parameters on the outputs. Contrary to
principal effects, it takes into account the effect of a parameter in interaction with
other parameters.
In this study, only principal effects are presented, because non linear effects are negligible
compare to principal effects (the maximum interactional effect is about 0.1°C).

Fig. 13. Fourier spectrum of the sensitivity analysis for the inside air temperature of the
building
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Table. 3. Designation of influential parameters of PV model on temperatures of the building
The sensitivity analysis was run with a thermal simulation of the building during two days
in January 2009. A variation of 10% was applied to all parameters contained in the building
and PV panel descriptions.
In a First run, the inside air temperature of the building was chosen has the output. Results
show that several parameters of the PV thermal model are influential on this temperature
(see fig. 13 an fig. 14).
The fig. 13 shows the Fourier spectrum, and also parameters of influence. Fig. 14 shows
parameter effects, and the magnitude of influence of each parameter, described by a
frequency number (see Table 3).
Because the inconsistency seems to come from the modelling of the PV system (ie the
assembly of the PV panel and the roof wall), the sensitivity analysis was made for
temperatures of all layers of the PV panel system and for the building inside air
temperature.
The analysis emphases thermo-physical parameters like thermal conductivity, heat capacity
or transmitivity. These results show that three types of thermal transfer must be described
more precisely or in a different way, because they are very influential on the air temperature
inside the building:
• the transmission of solar irradiation through the semi-transparent system in the PV
panel, and the absorption of solar irradiation by the first opaque layer,
• the thermal conduction through all opaque layers after semi-transparent complex
system,
• the convection transfer in air gaps in the PV complex wall (like the air gap besides
the PV panel).
Furthermore, optical properties of semi transparent layers and characterization of the flow
in inclined air gaps are not easy to visualize or describe. These phenomena have been
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described by commonly accepted parameters, but it is not sure it corresponds exactly to
reality. So these results seem quite realistic.

Fig. 14. Principal effect of sensitivity analysis of the inside air temperature of building
Focusing the sensitivity analysis on different layers of the PV complex wall, it can be shown
that the most influential parameters are those presented above. Basically, it depends on the
transmitivity of all semi-transparent layers through which solar irradiation is transferred, on
the conductivity of all opaque layers, and on convective heat transfer coefficients of air gaps
of the system.
The next step consists in optimizing parameters of the thermal modelling, as it is introduced
as following.
5.5 Optimization
The optimization is the step where the model can be improved and validated. It can be
made by using optimization algorithms. In this chapter, we present the use of a free
optimization program called “Genopt” (Wetter, 2001). This program was set up to allow
anyone to use it with his own simulation code. It has been coupled with many building
simulation codes like EnergyPlus, TRNSYS, SPARK, IDA-ICE or DOE-2.
Genopt make the optimization by running simulations of the studied code. It changes values
of parameters in the inputs of the program and notes the variation induced on the outputs.
As it is shown on fig. 14, it needs only three files to run: the input file, the output file and
also the program it has to run. Furthermore, it needs information about the optimization
algorithm, studied parameters and the cost function.
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Fig. 14. Synoptic of the coupling of the building simulation code Isolab with Genopt
To use Genopt as it is presented in fig. 14, it is necessary to create a complete standalone
simulation code; i.e. a program that does not need the human intervention to run a
simulation. This step is particularly complex in our case, because Isolab was made to be
used with the presence of a human kind in all steps of the simulation process.
The interfacing between Genopt and Isolab is in the last test phase. The next step will be the
optimisation procedure of the PV system, with the precise determination of the best set of
parameters, including conductive, convective and radiative aspects.
Finally, the corroboration of the optimised model will terminate the validation procedure,
and allow the generalised use of the model for precise building design.

6. Conclusion
6.1 Thermal Performance of BIPV
The review on BIPV has demonstrated that not only a unique physical model exists, capable
of predicting the thermal evolution of the building envelope with the influence of
photovoltaic systems in various configurations (integrated-façade, integrated-roof,
integrated-glazing, etc.). This chapter has presented a semi-detailed model of a fully coupled
PV model, integrated in a building simulation code. The model was used to predict the
temperature field in the complex wall constituted by the PV system and its support wall. A
global validation procedure (including a sensitivity analysis) has been conducted to
determine the precision level of the results and has shown that the performance of the BIPV
was greatly dependant on the radiative heat transfer within the semi-transparent layers and
the convective heat transfer in the fluid layers. Moreover, the opaque layer included in the
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system plays also, according to its radiative properties, an important role on the whole
behaviour of the system. The main problem is the modelling of convective air-gaps, in
which coupled heat transfers arise, the intensity of the coupling being function of the
configurations of the photovoltaic installation (angles, thickness and distribution of air
spaces in the panel, etc).

6.2 Model validity
Experimentation data was compared to simulation data. This comparison shows that the
thermal model has a good dynamic. However, there are some fairly large differences in
amplitude for temperatures of the PV complex wall. To provide some answers to this
problem, a sensitivity analysis was run and brought to light the most important parameters
on the behaviour of the system. An optimisation procedure is planned, to determine the best
set of parameters to lead to the best performance of the BIPV. Adjusting these parameters
will considerably reduce the observed difference between measurements and predictions,
and lead to the validation of the building envelope model. This important step is in progress
and will be presented in future works.

6.3 Coupling with PCMs
One possible perspective is to couple the BIPV with MCPs (phase change materials). These
are materials capable of changing of physical state within wide ranges of temperatures
according to desired applications (building insulation, passive cooling, thermal energy
storage, textile industry, etc.).
These materials have the ability to store or to destock a large amount of energy as latent heat
during phase change liquid-solid. They can be classified into three broad categories:




The MCP organic (paraffin and fatty acid)
The MCP inorganic (hydrated salt)
The MCP eutectic (organic-organic, organic-inorganic, inorganic-inorganic)

The choice of MCPs is based on a number of factors such as latent and sensible heat, thermal
conductivity in liquid and solid phases but also the impact on the overall thermal
performance of the entire system and its cost.
The coupling of the PCM with BIPV could be considered as liquid-solid phase change to
reduce the temperature rise within the BIPV but also increase their performance and their
life.

6.4 Toward zero net energy buildings
The building simulation code used for this study henceforth includes a generic model, fully
coupled, for the complete modelling of the integration of PV panels in buildings. More and
more used in the world, as a means of electricity production using renewable energy, PV
systems are of great potential and are subject to numerous research programs. Their
inclusion in building envelopes opens the way for zero net energy constructions, whose
potential in terms of energy consumption and reduction of global warming is more and
more recognised. In a near future, with constant developments and improvements, our
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building simulation code will be able to predict the energetic behaviours of zero net energy
buildings and thus the evaluation and optimisation of their performances.
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