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extrapolated annual yield for all three modules.  The energy 
yield of the insulated module is 3.1% less than the reference 
module. This corresponds well to the commonly used 
temperature coefficient for c-Si modules of 0.5% per °C 
increase in operating temperature.   

Assuming that the irradiance (I), wind speed (WS) and 
ambient temperature (Tamb) are the key environmental 
variables for predicting the module operating temperature 
(Tmod), we apply a multiple linear regression to the empirical 
data according to: 

௠ܶ௢ௗ ൌ ܣ ൅ ߙ	 ∙ ௔ܶ௠௕ ൅ ߚ ∙ ܫ ൅ ߛ ∙ ܹܵ (1) 

Where A, α, β, and γ are fitting parameters that will vary for 
each module and installation type.   Results of the fitting are 
found in Table II.  The linear fit results in a correlation 
coefficient, R2 , greater than 0.88 the measured temperature 
and weather data for all three modules.   

We note from this that the ambient temperature has a 
relatively small impact on differences in temperature.  
However, the difference in intercept suggests that the 
insulated module will on average operate at a slightly higher 
temperature.  The insulated module is also more sensitive to 
irradiance and wind speed.  In short, the yield of the insulated 
module is more dependent on the ambient weather conditions.  
However, even a small air gap behind the insulation can 
reduce this dependence.  

We apply this same model to a situation where the 
irradiance is the same, but the ambient temperature is 2°C 
higher and there is no wind for cooling.  We find that the 
difference between the yield of the fully insulated module and 
the free-standing module is only 3.8%.   

Therefore, we conclude, that in areas with low irradiance, 
insulation on the rear of c-Si BIPV modules only very 
moderately decreases annual yield of modules.  This suggests 
that BIPV can potentially be implemented in these areas with 
similar cost models as building applied module technology, 
potentially increasing the market share of BIPV in northern, 
lower irradiance housing communities.   

B. Improving output under partial shading 

For large implementation of integrated PV modules into the 
built and infrastructure environments, it is also important to 
address issues of shade intolerance.  It is well known that 
solar modules are sensitive to the presence of shade. Because 
of the series interconnection of all cells into three strings – 
each string protected by a bypass diode, shade on one cell can 
cause the current produced by the other cells to pass via de 
diode instead of through the string and 1/3rd of the module 
output is lost, see Fig. 5A. This also has implications on 
system level, as modules are usually connected in series as 
well. Solutions to minimize the power loss on system level 
are micro-inverters [3], power optimizers [4] and active 

inverters [5]. ECN has developed an additional measure to 
lower shading losses, namely to redesign the electrical lay-out 
on module level. The solution consists of cutting the solar 
cells into 16 smaller mini-cells using a laser scribe and break 
process. 64 of these (equivalent to 4 standard cells) are 
connected in series, creating a building block delivering a 
Voc of 40 V and an Isc of 0.6 A. These building blocks are 
then placed in parallel, resulting in a module voltage which is 
always 40 V, and a current which depends on the number of 
building blocks used to construct the module, see Fig. 5B.  

The solar cells used for these modules are so called back 
contact solar cells, which have both the positive and negative 
contacts on the rear side of the cell. The interconnection 
pattern is made in a conductive backsheet foil, and electrical 
contact between the cells and the foil is established using a 
conductive adhesive [6]. This allows very easy 
manufacturing, even when mini-cells are used – as each mini-

Fig. 5. A) conventional PV module consisting of 3 strings. Each
string is protected by a bypass diode, and all cells are connected in
series. In case of shading on one cell in the string, the current
generated by the other cells will pass via de diode, shown as red. B)
ECN shade tolerant module concept. Within each building block (top
left corner of (B)), 64 mini-cells are connected in series and protected
by diodes.  The building blocks are then connected in parallel [7]. 

TABLE II 

RESULTS OF LINEAR REGRESSION FIT 

Module Temp. 
Data A α Β ƴ R2 

reference 0.83 1.05 0.0094 -0.19 0.94 

insulation 1.75 1.07 0.0297 -0.41 0.88 

insulation+gap 1.00 1.07 0.0161 -0.28 0.90 
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and reliability of  using conventional PV c-Si cell technology 
for various integrated applications.   
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