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ABSTRACT: In software for yearly yield calculations, normally an empirical formula is used to take the angular
dependence into account. This has been shown to work nicely for standard modules. Recently light management by
structures on or in the cells or module has become increasingly important. They are used to increase the path length
of the light inside the module or cell, thereby increasing the response in those parts of the spectrum where the light is
weakly absorbed. The response of these modules as a function of the angle of incidence is however different
compared to modules without these structures. As a result, the current yearly yield calculation methods do not work
for these modules. In order to derive trustworthy yearly yield estimates, the models need to be adapted. The purpose
of the work is to provide a model to determine the angular dependence of output from PV modules with light
management structures in the module glass. These models provide both the means to optimize light management
structures and to predict performance through yearly yield calculations.
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1 INTRODUCTION

The power output of Photovoltaic (PV) modules is
normally given as the power output for 1000 \W/m?
AML.5 perpendicular illumination. In reality, a module
will almost never face these conditions. The actual yield
will be strongly dependent on the location and the
orientation of the module. To derive an estimate for the
yearly yield at a specific location and for a specific
orientation, yearly yield calculation tools exist.[1,2]
These tools are commonly used for flat glass modules,
but the angular dependence in these tools needs to be
adapted for modules containing light management
structures.[3,4,5] Here we provide a model that is able to
derive the angular dependence of modules with light
management structures and we present a verification of
the model for flat glass as well as two different types of
structured glass. The verification has been made both
with controlled STC measurements, and an in- an outdoor
monitoring campaign. These models have then been used
to derive incident angle modifiers which have in turn
been applied to annual yield calculations using PVsyst
for various location and orientations, including facade
installations.

Figure 1: Setup for the PASAN flash tester to measure
output of the laminates under various angles of incidence

2 APPROACH

A ray-tracing model is used to derive the response of
a PV module as a function of the angle of incidence. It is
especially designed to implement various light
management structures in the module glass. The output is

the External Quantum Efficiency for the specific modules
which is converted into a current density using a specific
illumination spectrum. The EQE of modules with light
management structures will depend on the angle of
incidence of the incoming light. This angle can be
changed in the model to obtain the angular dependence of
the module.

To verify the model several single cell laminates
were manufactured and then measured in a PASAN flash
tester under different angles. For the measurements a
special setup was used to be able to change the angle of
incidence, see Figures 1 and 2.

Figure 2: E:Iose-up of the
various angles of incidence

setup for measuring under

A set of these laminates has also been installed outdoors,
see Fig. 3., providing further verification of the modelled
results. The model results are then used to estimate the
influence of orientation and location on the yearly yield.

Figure 3: Close-up of the setp for méasuring under
various angles of incidence
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Figure 4: Measured short circuit current density of single
cell laminates
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Figure 5: Calculated short circuit current density of
single cell laminates

3 RESULTS

Three different glass types were measured, flat glass,
random pyramid structured glass (Albarino P from Saint-
Gobain), and SCX Sologlass a grooved glass from SCX
Solar B.V. Per glass type there were several laminates to
check reproducibility of the measurement. Figure 4
shows the results of the measurements and Figure 5 the
calculation results.

The results show a very good agreement between the
model and the measured data (flash tester). The flat glass
shows the lowest performance, almost similar to the
grooved glass with the grooves parallel to the incoming
light. Perpendicular to the incoming light the grooved
glass performs slightly better and the Albarino P glass
outperforms all three.

Outdoor measurements also showed good correlation
with the modelled results. Those results will be published
in a future paper.

From the angular dependence of the current density, the
incidence angle modifiers (IAM)[6,7] were calculated,
i.e. the ratio between the current for a specific angle of
incidence and the current at normal incidence, see Fig. 6.
The IAM was subsequently implemented in PVsyst.
Annual yield calculations were performed for 3 different
system designs, see fig. 7, in two locations, Amsterdam
(location 52 21’ N) and Doha (location 25 15* N). Figure

8 shows the sun altitude and azimuth during two different
days, June 21 and December 21, for both locations.
Clearly the sun is much higher in the sky in Doha
compared to Amsterdam. The results of the PVsyst
calculation are shown in Figs 8 and 9 respectively. It
shows that both the Albarino P and the SCX glass give a
gain with respect to flat glass. Albarino P gives the
highest gain, between 0.92% and 2.38% depending on the
location and orientation. The SCX glass shows a gain
between 0.29% and 0.87%. The results also show that the
high angle of incidence benefits of these structures are
maximized in a facade type application where the
incoming light is dominated by higher angles of
incidence.

1.0
Hwg
— '~
(]
= 08
§ B \r\ .\.
s R‘\,
o 06 By
=) L
< \
o 04
3] L = =PVsyst model: ASHRAE b = 0.05 4
g —&— Albarino glass \
s 02 —o—flat glass \
£ B grooved glass parallel to the light
—y—grooved glass perpendicular to the light \
0.0
n 1 n 1 n 1 n 1
0 20 40 60 80

Angle of Incidence (degrees)

Figure 6: Incident Angle Modifiers for use of annual
yield calculations. These are calculated based on the
modelled results
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Figure 7: Three installations simulated in annual yield
calculations. The annual yield calculations have been
performed for a 5kW system with the shown orientation
and at two locations.
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Figure 8: Sun altitude and azimuth during the day for
Amsterdam and Doha on June 21 and December 21
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Difference in Annual yield compared to Flat Glass
(Amsterdam)
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Figure 8: Annual yield comparison for Amsterdam. The
results for the two glass types are relative to the flat glass.

Difference in Annual yield compared to Flat Glass (Doha)
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Figure 9: Annual yield comparison for Doha. The results
for the two glass types are relative to the flat glass.

5 CONCLUSIONS

Single cell laminates with different types of
structured glass have been made and measurements under
indoor and outdoor conditions have been performed. A
ray-tracing model has been made to predict the
performance of the laminates as a function of the angle of
incidence. The results correlate very well with the
measured data. From the model the incidence angle
modifier was derived and used in the PVsyst software to
model annual vyield for different locations and
orientations. The result show that Albarino P structured
glass performs best, but that the grooved glass from SCX
also shows an improvement in output compared to flat
glass. The effect of structured glass is highest for facade
like applications where the angle of incidence in general
is rather high.

8 ACKNOWLEDGMENTS

This research was funded by the Ministry of
Economic Affairs of the Netherlands.

9 REFERENCES

[1] http://photovoltaic-software.com/professional.php

[2] A. Mermoud, T. Lejeune, 25" EU-PVSEC (2010)

[3] M. Duell, M. Ebert, M. Muller, B. Li, M. Koch, T.
Christian, R. F. Perdichizzi, B. Marion, S. Kurtz, D.
M. J. Doble, 25" EU-PVSEC (2010) 3867

[4] http://www.sg-solar-
glass.com/fileadmin/user_upload/broschueren/2-

S_Albarino_ST.pdf

[5] P. Sanchez-Friera, D. Montiel, J.F. Gil, J.A.
Montafiez, J. Alonso, IEEE 4" World Conference on
Photovoltaic Energy Conference (2006) 2156

[6] M.J. Carvalho, P. Horta, J.F. Mendes, M.C. Pereira,
W.m. Carbajal, Proc of ISES World Congress I-V
(2007) 608

[7]1 M. Ebert, H. Stacheit, 1. Hadrich, U Eitner, 29" EU-
PVSEC (2014) 3244




