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Abstract  —  In this study, a comparative outdoor test of an 

innovative BIPV solar tile with a well-established market product 
is conducted. Two mock-up structures have been built to generate 
further insights into BIPV efficiency as a function of operative 
temperatures and back-module ventilation. The two small-scale 
installations include a complete roof construction package on 
which the BIPV modules are integrated as a full-roof solution. 
The test-stands are equipped with a monitoring system aimed to 
assess the operating conditions both in terms of temperatures and 
PV performances. Along with the thermal and yield monitoring, 
the effect of temperature and natural ventilation on the PV 
production is studied through the identification of a thermal 
model and the simulation for one of the studied configurations. 

Index Terms —  BIPV, photovoltaics, solar architecture, active 
building skin, roof temperatures, outdoor monitoring 

I. INTRODUCTION 

The role of the building envelope in energy performances of 
buildings is becoming more and more important since its 
design accounts for over half of the energy consumption in the 
residential sector [1], and because it provides also the 
necessary space for the installation of active energy systems 
[2]. Building integrated PV (BIPV) can be used in all parts of 
the building envelope and the roof surfaces are currently the 
preferred area for installing PV as different survey researches 
underlined [3]-[4]. 

Within the European project Construct-PV (FP7-ENERGY-
2011-2, http://www.constructpv.eu/), along with other product 
and process innovation concerning BIPV, an innovative and 
customizable BIPV solar tile has been developed. The solar 
roof tiling system has the purpose of achieving a BIPV 
solution with cost-effective manufacturing and an easy 
mounting construction system.  

In order to assess the performance in real climate conditions, 
two different demonstration mock-ups have been installed in 
the summer of 2015 at the SUPSI Campus, in Lugano 
(Switzerland) and the large-scale demo has been recently built 
on the rooftop of the NTUA building, in Athens (Greece).  

In the section II, a first part (subsections A, B and C) is 
dedicated to discuss the results, in terms of yield and 
temperatures, obtained from the outdoor monitoring period. A 
second part (subsection D) will describe a simulation model 
developed to better investigate and predict the effect on the 
power output of operating temperatures, ventilation and 
thermal resistance of the construction layer on which the PV 
module is installed. The section III will discuss the emerging 
results giving also some inputs for further investigation.   

II. ON-SITE MEASURING  CAMPAIGN AND SIMULATION STUDIES 

A. Measurement of Operation Conditions of the BIPV roof 

SUPSI mock-up test facility consists in two real small-
scale structures where the complete constructive packages of 
roof were installed. The roofs were tilted at 20°. The 
Construct-PV solar roof tile (Stand 1, Table I), assembled by 
the partner Tegola Canadese S.p.a, consists in solar shingles 
made in laminated PV glass, glued into a rear waterproofing 
bitumen membrane. The roof tiling consists of six small-size 
PV tiles containing 10 SWCT monocrystalline cells each, 
installed by sets of two PV modules connected in series to 
each MPPT (PV module rated power PSTC 48.00 Wp, modules 
area 0.65 m2, temperature coefficient γPMPP -0.39 %/K). This 
solar roof solution has been compared with a MegaSlate® in-
roof installation (Stand 2, Table I), developed by Meyer 
Burger AG. The second roof consists of six modules with 30 
monocrystalline cells each (PV module rated power PSTC 
135.00 Wp, module area 0.84 m2, temperature coefficient 
γPMPP -0.42 %/K) [5].  

TABLE I 
BIPV ROOFING TILE SYSTEM - CONSTRUCTIVE DETAILS 

Stand 1 
BIPV Construct-PV Roof  

Stand 2 
BIPV Megaslate ® Roof  

  

  
D1: ventilated PV module 
C5: full-roof integr. PV module 

B3: full-roof integrated PV 
module 

 
In the first stand, the solar tiles were nailed into a plywood 

board (1,5 cm high) creating a continuous 6 cm thickness 
ventilation chamber underneath (Stand 1-Construct-PV, 

D1 

C5 
B3 



 

 

modules C5 and D1). In the second stand, a ventilation air-gap 
of 12 cm (6 cm + 6cm is height of battens and counter-battens) 
is directly available under the modules since they are mounted 
onto a wooden counter-batten system (Stand 2, module 
MegaSlate® B3).  

Temperatures were measured with PT100 thermocouple 
sensors positioned in the different layers of the roofs' packages 
(Table I, layer 0 to 3) as well as behind the conventional tiles. 
Other temperature sensors measured the back of module 
temperatures (Tbom). Furthermore, an air flow meter has been 
placed in the ventilation chamber (Stand 1) to measure the air 
speed and the volumetric flow in the air gap space. System 
identification was performed on the collected data and the 
identified model was used in simulation to investigate the 
dependence of BIPV efficiency on temperature and natural 
ventilation in different roof system configurations. The results 
are presented in the next chapter. 

B. Yield Assessment and Performance Monitoring 

A performance comparison between the two main BIPV full-
roof systems (modules C5 and B3) is presented including a 
free-standing Construct-PV tile as reference (module D1). The 
couple of modules C5, nailed directly onto an OSB wood 
deck, operated at higher temperatures than module B3 
mounted through a wooden counter-batten system. Both BIPV 
systems operated at higher temperatures than rack-mounted D1 
modules.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 1. Average monthly energy production per area unit. 
 

Figure 1 shows the evolution of the yearly average Energy 
Production per square meter, EPV [kWh/m2], reported to the 
average outdoor temperature (Tamb) and to the back of module 
temperature (Tbom). Results display that the energy output of 
the  new solar tile (C5 in Table 1) is generally lower than the 
other full-roof system (B3), mainly due to higher operating 
temperatures, improving in the free-ventilated solution (D1).  
Thus the BIPV roof system on counter-battens (B3) performed 
better than the system installed on the wooden deck (C5). The 
reasons of this difference have been partially discussed in [5]. 

In this paper, will focus on the role of the roof construction 
system for temperature and ventilation control. Other studies 
have reported comparable results in moderate climate [6]-[7]. 
 
 

 

 

 

 

 

 

 
 
Fig. 2. Average monthly energy yield measurements, Final Yield. 
 

In Figure 2, the average monthly final yield values 
throughout the year (since January 2016 until December 2016) 
are reported. The graph also shows the percentage yield 
variation of the new solar tiles C5 with the free-ventilated D1 
(∆Yf (C5_D1)) and the other full-roof solution with large BIPV 
tiles B3 (∆Yf (C5_B3)). 

 

C. In-Layer Temperatures 

As temperatures are a primary driver for the PV power 
output, Figure 3 shows the relationship of Performance Ratio 
(PR) with operating and ambient temperatures.  
 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
Fig. 3. Trends of performance ratios (PR, %) as function of 
outdoor ambient temperature and back of modules temperatures.  
 

Figure 3 displays the major differences of PR at high 
ambient temperatures, as well as a major gradient of the trend 



 

 

lines for C5, meaning a greatest dependency of such tile on 
climatic conditions for overheating. Along with irradiance, 
time of day and outdoor temperatures, also further factors such 
as the wind speed can interact and lead to power output 
variations. Figure 4 provides some insight over the course of a 
sunny day where plane of array (POA) irradiance, back of 
module temperature (Tbom) and in-layer temperatures (from 
TLay1, TLay2 inside the ventilation chamber on the upper and 
bottom air-gap faces respectively, to TLay3 in the most external 
layer) are shown. The monitoring period shows great 
differences, especially at the level of layer 2, under the 
ventilation chamber. The larger temperature gradient for the 
B3 system from Tbom to TLay2 (temperatures at this level 
decreases up to even 11.3 ˚C) is consistent with the convective 
flow path expected under the modules. In the C5 module the 
minor gradient, if correlated to the internal air flow in the air-
gap, can be interpreted as less-effective ventilation due to the 
shorter height of the air-gap and the different ridge solution. 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. Irradiance & Temperatures for March 19th. 
 

D. Effects of operating temperature, ventilation and thermal 
resistance on energy production 

In this section, the influence of the back of module 
temperature (Tbom), of the internal ventilation speed (w) and 
of the thermal resistance of the roof layer under the PV 
module (Rc) on the energy production, is further investigated, 
by focusing in detail on the new BIPV roof tiling system C5 
mounted on the wooden deck.  

In order to compare the effect of the decreased back of 
module temperature on the energy production, we define 

 

   
 (1) 

where T is the total number of measurements and Pt* is a 
simulated power output from the PV module. Pratio represents 
the relative change in energy production due to a simulated 
change in Tbom, w or Rc. Since the relation between the 
electrical PV production and the incident radiation (I) on the 
plane of array and Tbom is almost linear, in order to simulate a 

change of energy production due to a change in Tbom, it’s only 
needed to fit a function f(I, Tbom). A plane with the available 
data has been fitted, using a bi-square loss function, as shown 
in Figure 5. The resulting adjusted R-squared value is 0.9998, 
meaning that we can reasonably use the fitted function f(I, 
Tbom) as predictor of the power output for new observation of I 
and Tbom. Once f(I, Tbom) has been fitted, we make Tbom change 
linearly to assess its influence on the energy production. 
Namely, the I observations are kept unchanged and let Tbom 

change between the observed values and Ta, where Ta is the 
observed air temperature during the monitored period. That is 

          tat kTkT +− )1( =T bomn bom                   (2) 

where kt is a weighting coefficient varying from 0.05 and 1 
and Tbom_n is the simulated Tbom. This means that when kt is 
equal to 1, Tbom_n is equal to the ambient temperature (perfect 
thermal exchange).  

The results of this study are shown in Figure 6. On the right 
axis of this panel, the relative change of temperature is also 
shown, defined as 

 

                     (3) 
 
 

where Tbom t* is the simulated back of module temperature. 

The maximum expected improvement in (kt=1) is slightly 
below of 8% in terms of power output, according to this model 
(Figure 6).  
 

 
 
Fig. 5. Regression function for the electric power of the PV 
module f(I, Tbom). The blue dots represent the observed power 
as a function of of Tbom and I, while the grid represents the fitted 
plane.  



 

 

 
 
Fig. 6 Effects of operating temperature.  Change in Pratio and Tratio 

as function of kt.  

 
In order to investigate the effect of the air channel 

ventilation rate on the energy production, a relation Tbom=f(w) 
was found. This can be done through the identification of a 
nonlinear thermal model for the tile, and through the measured 
Ti, w, I, Ta, where Ti are the temperatures of the different 
layers. It is known that the heat transfer coefficient due to the 
buoyancy effect in a tilted air channel can be written as a 
function of the Rayleigh number [8], which is a function of the 
temperature difference between the walls and the internal flow. 
Nevertheless, having measurements for the flow speed inside 
the air channel under C5 PV module, we can try to identify a 
heat transfer coefficient in the form of: 
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Fig. 7  Identified grey-box model for the thermal dynamics of the 
BIPV tile C5. 

 
Figure 7 shows the equivalent resistance capacitance (RC) 

scheme for the identified grey-box model, which represents the 
thermal dynamics of the BIPV roof system (where C5 PV 
module is integrated). In this RC scheme, T1 is the temperature 

under the waterproofing membrane layer, T2 and T3 are the 
temperatures on the upper and lower faces of the air channel, 
respectively. T4 is the temperature on the lower part of the 
roof. R4 represent the linearized radiation coefficient between 
the air channel walls and ɳ is a coefficient representing the 
equivalent external surface of the tile. 

The influence of the temperature of contiguous layers is 
modeled as a single resistance, while inside the air duct; both 
radiation and convection are taken into account. Radiation is 
modeled by means of a linearized heat transfer coefficient, 
while convection is modeled using the previously defined non-
linear heat transfer coefficient h, dependent on the flow speed 
inside the channel. Each layer has an associated capacitance, 
which model its thermal inertia. The air temperature inside the 
channel is considered to be equal to the external air 
temperature, which could possibly lead the model to 
overestimate the cooling effect of the ventilation. 

Due to an intrinsic limitation of the data acquisition system, 
any measurements during nighttime is available so that the 
parameters of the grey-box model have been estimated by 
using a rolling horizon identification: instead of trying to 
minimize the one step-ahead residuals, the squared simulated 
residuals have been minimized, reinitializing the system states 
once per day. Since our model has 13 free parameters, in order 
to better explore the parameter space, a genetic algorithm was 
used instead of considering a gradient based method.  

Once the parameters of the h function have been identified, 
the model to predict the PV power output at different 
ventilation speeds can be used. The coefficient kw  is defined 
such that: 

                                wk w=w n                                    (5) 

where wn is the new wind speed. The results of this study are 
shown in  Figure 8.  
 

 
 
Fig. 8  Effects of ventilation. Change in Pratio and Tratio as function 
of kw. 



 

 

It’s can be observed that, due to the change of air flow, the 
identified thermal model predicts a maximum relative 
temperature change in the order of 0.6%, which results in a 
relative change in energy production of about 0.08%. If the 
boundary conditions are considered as fixed, the only way to 
change the internal flow rate is by changing the length of the 
pitch (number of tiles) or other roof construction conditions.  

As last, the effect of changing the insulation layer under 
the module (Rc) was investigated. Since this change has an 
influence on the internal wall temperature, this must be taken 
into account when simulating the internal air flow speed.  

We then replace the measured wind speed with a linear 
function of the temperature difference between the air walls 
and I, such that h can be written as: 

            [ ] 2b
2,1,211 )(b=h* ww TTaIa −+                   (6) 

where Tw,1 and Tw,2  are the simulated wall temperatures of the 
air channel. The resulting fit has an adjusted R-squared value 
of 0.923. We can finally apply a linear change to the estimated 
value of the decking board thermal resistance. We let Rc 
change between 20 and 200 percent of its identified value. 
We define a coefficient kRc such that: 

                              
CRcnc kRR =_                                 (7) 

where Rc_n   is the new resistance. 
 The results of this analysis are shown in Figure 9. As a first 

result, we can see how changing Rc affects the Pratio roughly 
ten times more than changing the air flow speed. However, the 
maximum relative change in the energy production is about 
0.5% and its change is almost symmetric with respect to the 
reference value of Rc. This preliminary result suggests that the 
thickness of the insulation layer behind the PV module could 
be optimized mainly for controlling the heat transfer towards 
indoor spaces in summer, since its change does not affect 
significantly the module’s power output.  

 
Fig. 9  Effects of thermal resistance. Change in Pratio, Tratio and 
Wratio as function of kRc. 

On the other hand, the module lifetime might also be 
affected by insulation thickness, as higher temperatures 
accelerate the aging process. This effect needs to be further 
investigated. It must be stressed that these results are only 
exploratory and related to the specific installation. The internal 
air flow velocity due to the stack effect is a nonlinear function 
of the mean temperatures of the tile internal walls, the solar 
irradiation, the external air temperature and the tile geometry 
and used material. This means that the effect of changes in  Rc 
and w on the Tbom can be better estimated by means of 
parametric CFD simulations. 

III.  CONCLUSIONS  

The investigation on how the performance of BIPV solar 
tiles is affected by temperature and ventilation has been 
discussed in the paper. Thanks to this study and to the existing 
literature, a reflection on the following  aspects can be done: 
 

• Ventilation strategies related to the roof construction; 
• Length of the roof and thickness of ventilation duct; 
• Micro-ventilation of tile’s joints; 
• Thermal resistance of the external decking layer  

 
A. Ventilation strategies related to the technical mounting 

system and roof construction technology 
 

Usually, standards and regulations provide criteria for 
dimensioning building skin ventilation chambers. Literature 
additionally offers inputs that allow understanding benefits of 
ventilated roofs for indoor spaces. However, texts that 
explicate effects of the ventilation chamber design for PV 
cooling to improve energy outputs when installed on the roof 
are in short supply. As stated in B subsection, some studies  
focused on different installation techniques, asserted that a 
counter-batten system contributes more effectively to reduce 
the Tbom rather than a roof with a ventilation chamber. Results 
obtained in Lugano have confirmed this aspect assessing the 
effective performances of the two roof systems tested under 
operation. In our opinion this is a consequence of two main 
factors discussed ahead: the first is the construction technique, 
since tiles are placed on a continuous layer (OSB decking) that 
provides a thermal resistance causing overheating; the second 
is the size of the air-gap (namely the thickness) that is typically 
larger in the counter-batten solution. 

 
B. Length of the roof and thickness of ventilation duct  

 
Research has already set that ventilated or micro-ventilated 

cladding of building skin affect the air flow and the internal 
comfort of the indoor spaces. Certain studies focused on the 
optimal thickness in relation to the length of the ventilation 
channel [9]. The length of a pitched roof and the dimension of 
the air chamber play a key role, as a consequence of the 



 

 

temperatures in the different roof layers and, namely, the 
cladding that is Tbom in case of a BIPV roof. Regarding the 
incidence on indoor temperatures, in the case of medium and 
high irradiation (flow rate between 50 W/m2 and 100 W/m2), 
the previous study shows that air flow temperatures in the 
ventilation channel increase, by increasing the length of the 
roof while the effective duct length decreases. This implies a 
higher indoor temperature of the inhabited spaces. In general, 
if the length of the roof is very high, the ventilation chamber 
must have a greater thickness in such a way as to ensure 
minimum interior environmental comfort (e.g. Swiss technical 
regulations, SIA 232/1, requires an increase in the height of 
the ventilation chamber proportional to the length and 
inversely proportional to the slope of the roof). At this regard, 
the test stands have some basic construction differences: the 
counter-batten roof (module B3) has an air gap thickness of 6 
cm while the other roof system with decking (module C5) has 
a total air-gap of 12 cm (4+8cm). Moreover the ridge 
construction details are slightly different, since the air outlet 
allows a more direct air flow in the first stand. The length of 
the pitch are in both 1,80 m so that significant air speed have 
not been observed. Anyway the monitoring demonstrated that  
temperatures inside the ventilation chamber  in the upper part 
of the pitch near the ridge, is higher than near the eaves 
(maximum measured of about 3.8 °C) confirming a stack 
effect  inside the ventilation duct. Even though this paper has 
not focused in establishing the direct incidence of ventilation 
on the indoor space comfort, on-site monitoring campaign 
demonstrated that temperatures inside the ventilation chamber 
are higher in the case of PV modules mounted directly to the 
wood deck (Tegola BIPV module C5, TLay2). This factor 
would result in a greater diffusion of heat in the successive 
layers and consequently in the indoor comfort of the building. 
Apart from the internal comfort and the expected lower power 
output, also possible effects of the higher operating 
temperatures on the PV module’s durability should be further 
investigated. In conclusion, the calculations presented in D 
subsection, confirmed that in our stands there is a low 
dependence of the Tbom in relation to internal ventilation speed, 
resulting in very little effects in energy production losses. 
However, the air flow and the temperatures in the air chamber 
are expected to change considerably by changing the length of 
the roof, the gap thickness and the construction details of 
ridge/eaves, so that in a real situation a proper roof ventilation 
technique is recommended to optimize both the PV module’s 
cooling and the thermal gains for the indoor spaces.  

 
C. Micro-ventilation of tile’s joints  

 
A further aspect emerging from literature [10] is that, between 
the joints generated due to the tile’s overlapping, there are 
interstices that cause the leakage of considerable amounts of 
air (up to 65% of total air flow in a terracotta tile roof, [10]). 

The BIPV module B3 could have benefit due to air spaces 
between the modules, that calls for further investigations. 
 
D. Thermal resistance of the external decking layer for a roof 

with the ventilation chamber 
 

Along with the construction technique, also the thermal 
conductivity of the roof materials influences the temperature 
distribution in the different layers and consequently the Tbom in 
the case of a BIPV roof. Simulations investigated the effect of 
changing the thermal resistance of the supporting layer under 
the BIPV tiles, namely the decking board on which the tile is 
nailed. A material with a lower thermal resistance in place of 
the OSB could contribute in improving the PV production 
even though the observed results from the simulation are not 
conclusive in this regard. Namely, a higher thermal 
conductivity corresponds with a greater cooling of the inner 
surface of PV modules since the heat is more effectively 
released to the air chamber and thrown away thanks to the 
stack effect. In next developments the wooden materials for 
the decking board (λ≈0,15 W/mK) could be replaced by 
metal (λ≈30-200 W/mK) such as a corrugated metal sheet.  
 

In conclusion, we can state that a joint approach between 
energy and construction aspects and investigations on the 
points discussed above could improve and optimize the energy 
and cost effectiveness of this solar tile system. 
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