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Abstract

The use of concentrating photovoltaic systems (CPV) in building integration has spurred towards the development of newer products,
which have the potential to offer the convenience of pleasing architecture and day lighting along with simultaneous production of clean
energy. This paper addresses the energy transformations and the expected energy output of a low concentrating photovoltaic system
designed to have a geometric concentration of 3.6�. The optical element used is a three dimensional Cross Compound Concentrator
(3DCCPC) made from clear polyurethane material. Small sized silicon solar cells based on the Laser Grooved Buried Contact (LGBC)
technology having an absorber area of 1 cm2 are utilised in the system. Both experimental and numerical analyses are performed
confirming the optical, electrical and thermal performance of the system. While performing the optical analysis the concentrator was
found to have a maximum optical efficiency of 73.4%. A maximum power ratio of 2.67 was observed when comparing the electrical
output of the concentrator unit with a non-concentrating counterpart. The effects of non-uniformity caused by the use of the concentra-
tor are analysed. The non-uniformity of flux distribution showed an average drop of 2.2% in the Isc values which is again reflected in the
overall power output. Manufacturing defects like the cell and concentrator misalignments are addressed and their impact on the overall
performance are verified by numerical simulations. The operating temperature of the solar cells was found to have a parasitic effect on the
overall performance of the system. A maximum temperature of 332 K was observed in the solar cell at 0� incidence and a incoming
radiation of 1000 W/m2 which brings down the overall power production by 14.6%. Finally, the expected system output over a given
time period is presented showing the strengths and weakness while employing such a system.
� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The rising energy prices and climate change have
spurred the renewable energy revolution across the globe,
driving us towards self-sustaining energy resources and
the technology to harness it. Solar energy has proven to
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be one such potential alternative energy resource, which
can be used for meeting our energy demands. The energy
from the sun can be directly converted into electricity by
the use of photovoltaic (PV) technology. According to a
report by the International Energy Agency (Lausten,
2008) buildings consume more than 40% of world’s energy.
The adoption of PV technology in residential applications
has seen an increasing trend for its application in the last
few years. Starting with simple PV panels the industry is
now moving towards Building integrated photovoltaics
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(BIPV) systems. These systems are designed to integrate PV
systems seamlessly into structural elements of the
buildings, making them a functional part of the building
architecture. Such systems include semi transparent facades
(Park et al., 2010), glass ceilings (Hughes, 2009), clay solar
tiles (Magazine, 2010), thin films (Yoon et al., 2011) and
Sphelar� cells (Biancardo et al., 2007). A review of some
of the notable solutions are presented under (Petter Jelle
et al., 2012) addressing their satisfactory appearance and
high efficiencies with good weather stability. These systems
however have huge costs associated with them making
them less feasible for general applications.

Concentrating sunlight and focusing it on smaller sized
cells can be sought as a viable solution in reducing the
use of expensive solar cell materials for niche application
as building fenestrations. Further, integrating these systems
in our existing building structural elements could prosper
the technology and increase its usage. Such applications
can be categorised as Building integrated concentrating
photovoltaic (BICPV) systems, which can prove to be the
right solution towards sustainable modern buildings. These
applications will help in having an optimised day lighting
and simultaneous energy production, bringing efficient
buildings closer to reality. Using the principle of concen-
trating sunlight reduces the amount of solar cell material
required and makes it more cost effective. Integrating the
structural elements like windows, facades, sky lighting,
cladding, curtain wall, etc. with concentrating photovoltaic
technology further adds prospects of an entirely new mar-
ket in its own. Only a few of such applications have been
developed across the world over the last decade (Zacharo-
poulos et al., 2000) (Nilsson et al., 2007; Tripanagnostopo-
ulos et al., 2007), some of the recent developments have
been reviewed (Chemisana, 2011). Few other developments
very recently undertaken by our research group can be
found under (Baig et al., 2012a,b; Sarmah et al., 2011;
Mammo et al., 2013; Sellami et al., 2012; Sellami et al.,
2011a,b,c; Baig et al., 2013). A new concept of integrating
concentrating photovoltaics has been recently demon-
strated by (Mammo et al., 2013), where a reflective type
three dimensional compound parabolic concentrator (3D
CCPC PV) was used as the optical concentrating element.
The system maximum power output was found to be three
times that of the similar kind of non-concentrator system
with maximum electrical conversion efficiency of 14%. A
3D static concentrator called the square elliptical
hyperboloid (SEH) with 4� was presented recently
(Sellami et al., 2011a,b,c), this system was built using
dielectric material and worked on the concept of total
internal reflection. The system was found to have an optical
efficiency of 40% with a wider acceptance angle equalling
120� thus enabling the sunlight capture all day from both
direct and diffuse radiations. A similar system but with var-
iable heights is presented under (Sellami and Mallick, 2012)
recently. A two dimensional linear asymmetric CPC
system based on dielectric concentrator was analysed by
(Sarmah et al., 2011; Baig et al., 2013) the system has a
concentration ratio of 2.8 capable of having maximum
power ratios of 2.27. A system based on see-through prism
CPV module for window integrated photovoltaics was ana-
lysed by (Yamada et al., 2011). This system generates
approximately 1.15 times more electricity than a conven-
tional module while operating with 63% less solar cell area.
Other systems based on CPV/T concepts having a
CR > 2.5� were addressed by (Tripanagnostopoulos
et al., 2009) in which the thermal and PV module work
together or separately with and without tracking mechanisms.

The current study brings forward a dielectric based three
dimensional cross compound CPC (3DCCPC) with square
entry and exit aperture. Earlier work on a reflecting type
3DCCPC may be found under (Mammo et al., 2013). This
work introduces a refractive system using similar design
features. The three dimensional shape is attained by sweep-
ing the 2DCPC over a square profile. In this work, a refrac-
tive based prototype of the system is designed,
manufactured and analysed both experimentally and
numerically. Use of ray trace method is made to carry
out the optical analysis of the concentrating element and
finite element methods are applied to carry out the electri-
cal and thermal analysis of the system. Results obtained are
validated experimentally and the gaps highlighted.
2. System description

The system under study essentially consists of a concen-
trator element, an encapsulation material and a solar cell
essentially placed between two glass sheets.
2.1. Concentrator

The concept of the compound parabolic concentrator
(CPC) has been utilised in numerous solar energy
applications including both thermal and photovoltaics.
The concentrator element used in our study is a dielectric
material based Three Dimensional Cross Compound
Parabolic Concentrator (3DCCPC). The three dimensional
design allows light to be concentrated in all the directions
via total internal reflection. The concentrator geometry
was designed by simply sweeping a segment of parabola
about a square cross section as shown in Fig. 1. The details
on the equations of the parabolic segment of the CPC can
be found under (Sellami and Mallick, 2013) and (O’Galla-
gher, 2008). The refraction on its front air and dielectric
interface allows having better external acceptance angle.
The system is desired to have a concentration ratio (C) of
4�, using the following equation:

C ¼ nR

SinðhaÞ

� �2

ð1Þ

The system half acceptance angle (ha) is found to be
48.5� for a refractive index (nR) of 1.5, entry side of
20 mm and a height of 25.9 mm. However this is truncated
by almost 37.6% to get a truncated height of 16.16 mm and



Fig. 1. Schematic design of the 3DCCPC.

Fig. 3. Refractive index of Polyurethane.
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a concentration ratio of 3.6� with entry and exit aperture
sides of 19 mm and 10 mm respectively as shown in Fig. 1.
The truncation would also impact on the acceptance angle
which can be seen while performing the optical analysis in
later sections. The concentrator used in our study as
shown in Fig. 2 was made using a polyurethane material
crystal-clear 200� (http://www.smooth-on.com/tb/files/
CRYSTAL_CLEAR_200_TB.pdf).

One of its main features is that it is transparent and
refracts all the light entering the aperture via total internal
reflection. The refractive index of the material is shown in
Fig. 3. It has good transmission properties and excellent
strength and rigidity to retain the shape of the complex
profile.
2.2. Solar cell

The solar cell used in the system and its design is shown
in Fig. 4. The solar cell used in this study is based on the
Fig. 2. Sample of the concentrator element made using polyurethane.
Laser Grooved Buried Contact (LGBC) technology (Heas-
man et al., 2007) but any other advanced solar cell technol-
ogy may be utilised while using the same concentrating
element. The silicon solar cell used in the present study
has 13 fingers each 35 lm wide and a bus bar of width
1 mm. These cells have been optimised to perform under
conditions upto 10�, hence are utilised in this system. A
small visual difference between the designed solar cell and
the cell used in analysis, which basically occurs in laser cut-
ting of the cells in huge quantities, however it has negligible
effect on the overall performance.

2.3. Encapsulation material

The purpose of using an encapsulation material is
to increase the lifetime of the solar cell while protecting
it from the moisture. Good transmission properties are
always desired from an encapsulant to be used in building
integration. The use of Sylgaurd-184 (Anon, 2008) as
an encapsulation material is made in our system. The



Fig. 4. Solar Cell geometry used in the numerical and the experimental analysis.

528 H. Baig et al. / Solar Energy 103 (2014) 525–540
encapsulant plays a dual role; firstly it acts as an adhesive
and helps in holding the concentrator to the solar cell,
secondly it functions as a perfect encapsulation material
and protects the solar cell from weathering.
Fig. 5. Sample system with nine CCPC units.
2.4. Assembly

Initially the concentrator units are casted using the poly-
urethane material, they are later cured at room tempera-
ture to obtain series of concentrator units as shown in
Fig. 2. The solar cells are soldered using thin tin plated cop-
per strips and suitable series or parallel strings are pre-
pared. The cells are then placed on a glass plate and fixed
using a glue material. The encapsulant is then prepared
and poured all over the solar cells and distributed smoothly
over the surface. Later the concentrator is placed over the
solar cells and the system is left to dry overnight. One of
the limitations during this process is that small misalign-
ment occurs between the solar cell and the concentrator
which can cause optical losses. A typical prototype employ-
ing 9 such units is shown in Fig. 5. The three rows are con-
nected in parallel with each row having three cells in series.
3. Optical analysis and performance

The optical power output while using a concentrator
unit can be obtained by carrying out ray trace analysis of
the system. In the present study a ray trace simulation soft-
ware OptisWorks (Sellami, 2011) was used to carry out the
optical analysis. In the ray trace method, the rays entering
the concentrator are assumed to be parallel and refract
depending on the refractive index of the material. The sim-
ulations were carried out for polyurethane based 3DCCPC
at AM 1.5D, the system was evaluated without a glass
cover by varying the angles of incidence in longitudinal
direction between 0� and 90�. The absorptance of the poly-
mer material used in making the concentrator as a function
of the incoming solar radiation used in the study in shown
in Fig. 6. It may be seen that there exists minimal absorp-
tion over the wavelength range of 350–1100 nm.

The optical model was based on the refraction laws
where a source of light with desired intensity is focused
on the concentrator and the output along the absorber sur-
face is estimated. The optical efficiency of the CPC is
obtained for different incident angles of the incident rays.
For each incident angle, an optical simulation is carried
out determining the energy of the incident rays reaching
the solar cells after going through the refractive element.
Fig. 7 shows an illustration of the concentrated incident
rays having a range of incident angles (�15�, 0�, 25�,
34.5� and 50�) to the normal of the CPC entry aperture
to highlight the different behaviour inside the optical



Fig. 6. Absorptance of polyurethane.
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concentrating element. The figure represents how the rays
reach the base of the system in a non-uniform fashion caus-
ing hotspots at particular areas of the solar cell. A small
portion of the rays can also be seen bouncing back or
escaping out through the concentrator depending on their
entry. The rays escaping could be of help in illuminating
the space behind helping in regulating the sunlight when
used as a building integrating system. Fig. 8 shows the var-
iation of the optical efficiency with respect to the incidence
angle. The use of refractive material provided a higher
acceptance angle in the initial design which was about
48.5�, however, the amount of refractive material required
was very high and was truncated due to which the overall
acceptance angle increases to about 70� as shown in
Fig. 8. Based on the optical efficiency obtained another plot
for the percentage of transmission vs. the incidence angle is
plotted assuming a 100% transmission at 0�. It may be seen
that for all angles less than 34.5� more than 90% light
entering the concentrator reaches the absorber as can be
seen in Fig. 8. It may also be noted that these results
represents both the E–W and N–S ray trace outputs. The
system has a greater acceptance angle but lower optical
efficiency as compared to the reflective system with a simi-
lar geometry studied recently (Sellami and Mallick, 2013).
Fig. 7. Ray tracing diagrams of the CPC for �
The square geometry also provides a cost benefit as the
solar cells are mostly available in square or rectangular
shapes, having them in circular or elliptical shape would
increase the cost of the solar cell per unit area. The spacing
between the optical concentrator may be utilised for
optimising the day lighting through the system.

The performance of the photovoltaic concentrator can
be experimentally analysed by evaluating the performance
of a CPV module with the concentrator and comparing it
with a non-concentrating counterpart. In an indoor con-
trolled environment the module can be analysed for partic-
ular radiation intensity with different incident angles. For a
static dielectric concentrator designed for a particular
range of acceptance angles, it is very important to evaluate
the performance for all the incidence angles within the
range. While carrying out the optical analysis by ray trace
method an illuminance detector is placed at the exit of the
concentrator. The detector gives the flux distribution and
energy of the concentrated rays by the concentrator. The
detector is defined to be the exact size of the exit aperture
of the concentrator and characterised to measure only the
illumination coming from the concentrator. The optical
performance of the system has also been analysed experi-
mentally (Sellami, 2011) and by simulation at every 10�
interval to determine its optical performance whose results
are shown in Fig. 9.

The rays exiting the concentrator element are found to
have a non-uniform distribution along the solar cell. This
non-uniformity plays an important role in the performance
of the system (Baig et al., 2012a,b). It may be seen in
Fig. 10 how the illumination intensity varies along the cell
spatially at different angles of incidence. The highest inten-
sity along the solar cell may exceed up to 20 suns as can be
seen in the case of incidence angle 20�, i.e. for the case of
angles below the acceptance angle and can fall to values
even lower than the concentration ratio as can be seen in
the case of 60� incident angle, i.e. for cases of incident angle
higher than the acceptance angles. These phenomena were
not addressed in the earlier studies mostly because simple
five parameter models were utilised to evaluate the average
power output of the system. However, we have now used
the finite element method to analyse the impact numerically
15�, 0�, 25�, 34.5� and 50� incidence angle.



Fig. 8. Variation of optical efficiency and transmission percentage with incidence angle under direct solar radiation.

Fig. 9. Comparison between the experimental and calculated optical
performance.
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and validate its effects experimentally in the present study.
The output illumination intensity distribution as shown in
Fig. 10 is utilised to determine the electrical performance of
the system.

The non-uniformity of the illumination is a complex
property and may be expressed in several forms. In the case
of the concentrating system, the non-uniformity on the
solar cell varies with its location, at some points the flux
may be highly non-uniform and at some points it might
be completely uniform. In order to quantify this term as
a general number is not correct, since several different illu-
mination distributions may give the same mathematical
result, but would represent different physical distributions.
However, in order to explore this effect it’s important to
perform some mathematical way to express the non-unifor-
mity. A spatial non uniformity factor (a) was proposed
recently by (Lu et al., 2009) and has been utilised here to
define the extent and effect of non-uniformity in the illumi-
nation, neglecting its quality. The spatial non uniformity
factor (a) is defined as the ratio of the difference of the
maximum and minimum incident flux to their sum as
shown in the following equation:

a ¼ Gmax � Gmin

Gmax þ Gmin

ð2Þ

where Gmax and Gmin indicate the highest and the lowest
flux along the solar cell surface whose values are tabulated
in Table 1. The non-uniformity parameter is analysed at
different incident angles, as shown in Fig. 11.

From Table 1 it may be clearly seen that a very high
non-uniformity in the incident flux exists in the system.
Higher values of ranging around 20 suns may be observed
at angles of incidence ranging between 20� and 40�. It may
also be noted that the average illumination reduces signif-
icantly, once the incident angle crosses the acceptance
angle. The impact of the non-uniformity on the overall per-
formance of the system is not simple to be accessed, since a
series of factors come under play while determining the
impact (Baig et al., 2012a,b). The non-uniformity can be
found at every incidence angle, hence making it important
to include the flux distribution over the solar cell surface
instead of using an average value of the illumination inten-
sity. This illumination intensity has been utilised to carry
out the electrical and thermal analysis as shown in the
following sections.
4. Electrical analysis and performance

The solar cell can be modelled using either the one diode
or the two diode equation as shown in Fig. 12. In the pres-
ent study both models were tested for their accuracy and
one-dimensional model was selected. The term ID repre-
sents the diode current and the term Iph represents the
photo-generated current. The total current flowing in the
external load RL is given by Eqs. (3) and (4) respectively.
The term I0 represents the reverse saturation diode current
corresponding to the diffusion and recombination of
electrons and holes in the p and n sides of the cell, V is



Fig. 10. Flux distribution on the solar cell.
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the mean cell voltage across the external load resistance RL

and VT is the thermodynamic voltage, Vj is the junction
potential, kB is the Boltzmann constant, q is the electron
charge and n is the ideality factor which is usually greater
than 1.

I ¼ Iph � ID ð3Þ

I ¼ Iph � I0 exp
V j

nV T

� �
� 1

� �
� V j

Rsh
ð4Þ

V T ¼ kBT =qe ð5Þ
V j ¼ V þ IRs ð6Þ

Eq. (4) is the general form of current generated in a solar
cell; it may further be reduced depending on the emitter
region Ie and the dark or finger region Ida. The term Iph

strongly depends on the illumination and is directly pro-
portional to its intensity.

Ie ¼ Iph � I0 exp
V j

nV T

� �
� 1

� �
� V j

Rsh
ð7Þ

Ida ¼ I0 exp
V j

nV T

� �
� 1

� �
� V j

Rsh
ð8Þ

The incident solar radiation leads to the increase of the
temperature of the solar cell which further increases the
population of electrons exponentially enhancing the dark
saturation current. The dependence of the saturation
current on the temperature (Rosell and Ibáñez, 2006) is



Table 1
Variation of non uniformity parameter a with incident angle h.

Incident angle (h) Illumination intensity G(W/m2) Non uniformity (a)

Max Min Avg

0 14767.5 717.6 2997.8 0.907
10 18733.8 698.1 2942.7 0.928
20 20573.6 642.5 2796.4 0.939
30 22347.5 2.9 2548.8 0.999
40 19855.5 19.9 1984 0.998
50 3333.3 42.8 550.6 0.974
60 2496.6 24.6 272.8 0.98
70 1471.3 0 62.4 1
80 150.4 0 2.9 1
90 5.12 0 0 1

Fig. 11. Variation of spatial non-uniformity factor with incidence angle.

Fig. 12. Equivalent circuit of solar cell with one diode.
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represented by Eq. (9) which suggests that its value
increases with temperature but decrease with increasing
material quality.

I0ðT Þ ¼ IooT 3 exp
�Ego

kBT

� �
ð9Þ

The terms Ioo and Ego represent the saturation current and
the band gap energy at 0 K and are both approximately
constant with respect to temperature. Employing the
analogy expressed in (Chemisana, 2011) the equations
may be represented in terms of generated current density
(Q) as:

Q ¼ j1Gþ j2T 3 exp
�Eg

kBT

� �
exp

V j

nV T

� �
� 1

� �
þ j3V j ð10Þ

In order to solve the case with non-uniform illumination
and determine the effective current density distribution on
the surface, the solar cell needs to be simulated by solving
the continuity equation as shown in Eq. (11). The
continuity equation may be solved using finite element
method. In our study finite element method is applied to
obtain the solution using COMSOL Multiphysics software
(Chemisana and Rosell, 2013). The governing equation
solved over the solar cell domain is represented in the
following equation:

�r � ðrrV � J eÞ ¼ Q ð11Þ
where V is the electric potential, Je is the current density
and Q represents the current generated or the source term
and r is the conductivity of the material. The current gen-
erated in the illuminated emitter region Qe and in the dark
region Qd may be expressed as:

Qe ¼ j1Gþ j2T 3 exp
�Eg

kBT

� �
exp

V j

nV T

� �
� 1

� �
þ j3V j ð12Þ

Qd ¼ j2T 3 exp
�Eg

kBT

� �
exp

V j

nV T

� �
� 1

� �
þ j3V j ð13Þ

Usually an I–V curve is used to demonstrate the perfor-
mance of the solar cell and can be generated by superposi-
tion of the solar cell diode I–V curve in the dark with the
light-generated current. The important parameters used
to characterise the solar cell include the open circuit voltage
(Voc) also referred as zero current condition, short circuit
current (Isc) referred as zero voltage condition, and fill fac-
tor FF. Under a particular operating illumination condi-
tion the power (P) will be maximised at a point known
as maximum power point. The parameter fill factor or
‘FF’ is defined as the ratio of the maximum power from
the solar cell to the product of Voc and Isc.

The I–V curve is usually modelled under standard uni-
form illumination conditions, the presence of non unifor-
mity and modification in the flux intensity (G) by
concentration changes all the parameters and a modified
I–V curve could be expected. The photovoltaic efficiency
may be defined as shown in Eq. (14). Where the product
G*A is the power incident on the solar cell with area (A),
and can be obtained using ray tracing techniques.

g ¼ IscV ocFF
GA

ð14Þ
4.1. Solar cell parameters extraction and model validation

In order to validate our model and compare the
numerical solution, I–V characteristics of the cell were
evaluated under different uniform illumination intensities



Fig. 14. Simulated vs. measured cell current for all the conditions.
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and temperature to extract the constants j1, j2 and j3 to be
used in modelling. These constants have been fitted using
statistical techniques over a range of different operating
conditions of solar radiation and temperature whose
results are shown in Fig. 13. Previous work has been car-
ried out to show the constants obtained using a one diode
model (Rosell and Ibáñez, 2006). In the present study, the
experimental data for the solar cell were obtained using an
indoor sun simulator at the Research Centre in Applied
Energy, University of Lleida. It consists of a continuous
light source concentrator device yielding 5000 W/m2 irradi-
ance. The PV cell was attached mechanically to the heat
sink, ensuring a good electrical contact. A voltage was
applied to the terminals of the PV cell using a bipolar
power KepcoW source, model BOP 50-2M (Kepco, Inc.,
Flushing, NY). The cell voltage was measured by measur-
ing the voltage drop over a calibrated resistance connected
in series to the PV cell and KepcoW source. Data acquisi-
tion was made using a 16-bit analog-to digital converter,
Campbell W CR23X (Campbell Scientific, Inc., Logan,
UT). The fitted parameters j1, j2 and j3 are further utilised
to carry out finite element modelling. To confirm the accu-
racy of the model results all the measured current values
are plotted against the simulated current values is shown
in Fig. 14. The correlation (Isim = Iexp

* 0.99) and the coeffi-
cient of determination R2 = 0.99 for the experimental and
simulated currents indicates a good accuracy.

The parameters obtained and used are listed below in
Table 2.
4.2. Electrical performance and validation of results

The electrical performance (I–V characteristics) of the
solar cell was analysed using finite element modelling at
Fig. 13. Comparison of model simulated and experimentally obtained I–V char
different operating conditions. An example of such analysis
is compared with the experimental results and is shown in
Fig. 15.

It was reported earlier (Sellami, 2011) that there exist
differences between the simulated and experimentally cal-
culated optical efficiency whose values ranges within a
value of about ±10%. The possible causes for this differ-
ence could be several factors. Some of the important fac-
tors could be the differences between the modelled and
the actually manufactured concentrator surface qualities,
geometry, moulding defects and absorption quality. Other
factors include the misalignment of the solar cell caused
during the manufacturing process and the spreading of
the encapsulant layer around the borders of the concentra-
tor causing the rays near the borders to escape out because
of similar refractive index as shown in Fig. 16.

Fig. 17 shows the schematic setup used to carry out the
experiments. The setup includes an ABET class-A solar
simulator (Anon, 2009). The simulator consists of a xenon
lamp and a filter to provide an AM1.5 solar spectrum. The
acteristics for different levels of solar radiation and operating temperature.



Table 2
Solar cell parameters.

Cell parameters Values

Cell width 11.5 mm
Cell length 10.0 mm
Busbar width 1.0 mm
Finger width 35 lm
Emitter sheet resistance 100 O/h
Finger resistance per unit length 0.3 O/cm

Operating conditions

Illumination intensity range G 640–1015 W/m2

Temperature range T 305–317 K

Diode equation parameters

Constant j1 0.32788 AW�1

Constant j2 �183824.4 Am�2 K�3

Constant j3 �20.578 Am�2 V�1

Ideality factor n 1.13
Eg 1.124 eV
kB 1.380 � 10�23 J K�1

qe 1.602 � 10�19 C

Fig. 15. Experimental and finite element simulated I–V characteristics of a
solar cell under uniform illumination.
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maximum illumination area of is 156 � 156 mm, with a
nominal working distance of 200 mm. The uniformity of
the illumination is 95%. In addition the setup included
another small setup made of aluminium with a protractor
scale that can be used to change the angles of the incident
radiation on the CPV module. The IV characteristics of the
system were recorded using an IV curve tracer from EKO
instruments. The solar simulator was usually switched on
for a warm up enabling a steady energy flux output. Using
a temperature photodiode the simulator was calibrated
while varying the current going to the xenon lamp.

While comparing the optical output considerable losses
were found to occur due to such misalignments. The
advantage of using the finite element modelling is that it
can accurately help us in predicting the actual electrical
output experienced under such conditions. Electrical
analysis was carried out while projecting the optical power
output on the misaligned solar cell. The characteristics
obtained are plotted in Fig. 18 and compared with the
experimental results obtained. An error of less than 1.5%
can be seen between the modelled and the experimental
results. It was important to implement the proper temper-
ature while making this analysis, a temperature of 305 K
and in the another 300 K was used as the cell temperature
while making the analysis as observed during the experi-
mentation process which is the primary reason for the
slightly different Voc values. Also important to incorporate
was the losses occurring due to the absorption in the
encapsulant which accounted for about 2%. This was
obtained by experimentally checking the I–V characteris-
tics of the solar cell with and without encapsulant as shown
in Fig. 19.

4.3. Angular performance

The system was analysed at different angular positions
to understand the overall energy production with variable
sun positions. A special setup was utilised to change the
angular position of the concentrator unit (Baig et al.,
2013). The setup consisted of a base plate which may be
inclined at any desired inclination with respect to the
incoming illumination, in one dimension. The I–V charac-
teristics were recorded at different angles using the solar
simulator setup. Similarly, the unit concentrator with solar
cell was analysed numerically using finite element method.
The optical illumination output obtained from the concen-
trator is used as an input on the solar cell to analyse the
electrical output.

The current density profile reflects the incoming illumi-
nation intensity over the solar cell. The regions receiving
higher illumination intensities generate higher densities of
current; the imbalance of current production along the
solar cell surface tends to cause a local resistance in addi-
tion to the available series resistances of the solar cell.
Moreover, it also causes a non uniform temperature across
the surface of the solar cell. It has been shown by (Chem-
isana and Rosell, 2013) recently that the intensity profile
along with temperature can both influence the electrical
output of the system in both positive and negative manner.
An improvement can be obtained in the electrical output
by having a contrasting cooling arrangement for the solar
cell. A good comparison may be seen in the magnitude of
the current densities for different angles of incidence in
Fig. 20. Current density in the fingers and busbars is not
plotted in order to visualise the impact of the intensity pro-
file and not for making a quantitative analysis. It can be
clearly seen that the high flux incident on the cell in the case
of non-uniform illumination causes non-uniform current
generation along the cell. A peak may be noticed at the
same place very clearly where there is high illumination.
The current generated in the emitter due to the illumination
flows through the adjacent fingers and then leads to the
busbars, and finally gets absorbed.

Using the illumination intensity distribution obtained
while carrying the optical analysis of the system, the



Fig. 16. Top view of the CPV system prepared using a copper back plate to visualise the misalignments.

Fig. 17. Schematic of the setup used to carry out the experiments.

Fig. 18. I–V characteristics of a misaligned and properly aligned
concentrator with solar cell.

Fig. 19. Comparison of I–V characteristics of solar cell with and without
encapsulant.

H. Baig et al. / Solar Energy 103 (2014) 525–540 535
electrical analysis of the single concentrator unit is evalu-
ated at different incident angles and compared with the
experimental results. The summary of the results obtained
is presented in Table 3.
The results obtained by using finite element method are
found to be comparable with the results obtained by per-
forming experiments. Slight deviations are found at inci-
dence angles between 20� and 40� as shown in Fig. 21.
Slightly higher fill factors are seen in the case of experimen-
tal results at these angles essentially due to the losses
occurring at the edges of the concentrator due to the
accumulation of encapsulation. The maximum power is
obtained while the acceptance angle is 0�, with a value of
0.044 W and short circuit current of 90 mA at an incoming
solar radiation of 1000 W/m2.

The power ratio is defined as the ratio of the power out-
put of the CPV unit and the bare cell. The power ratio is
not same as the optical concentration ratio of the system
it was evaluated for different angles and is presented under
Fig. 22. The power ratio reveals the performance of the
concentrator in a CPV unit in terms of the increase in the
total power output. A maximum power ratio of 2.67 was
found in our study when comparing the electrical output
of the concentrator unit with the bare cell. The drop in



Fig. 20. Current density profiles on the emitter at different incident angles.

Table 3
Comparison of I–V characteristics obtained at different angular positions.

Numerical Experimental

ha (�) Pmax (W) Isc (mA) Voc (V) FF Pmax (W) Isc (mA) Voc (V) FF

0 0.044 90.00 0.610 0.804 0.043 88.35 0.610 0.802
10 0.043 88.02 0.610 0.803 0.043 87.94 0.608 0.804
20 0.041 84.11 0.610 0.800 0.039 78.80 0.604 0.819
30 0.037 76.65 0.605 0.802 0.032 65.81 0.598 0.816
40 0.028 59.32 0.600 0.793 0.023 49.27 0.585 0.794
50 0.007 16.51 0.550 0.761 0.006 12.99 0.546 0.799
60 0.003 8.13 0.550 0.675 0.004 9.29 0.524 0.758
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Fig. 21. Maximum power in a unit concentrator with varying incidence
angles.
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the power ratio of the unit for higher incidence angles may
be due to the higher optical losses and the drop in the opti-
cal efficiency of the system.

4.4. Effect of non-uniformity

The non-uniform illumination distribution over the
solar cell decreases the solar cell performance while com-
paring it under uniform illumination conditions. A detailed
review over the causes and effects may be found under
(Baig et al., 2012a,b). The refraction of light through the
concentrator changes its intensity and spectrum consider-
ably. In this study we analyse the impact of the change in
the illumination intensity distribution under different
angles of incidence neglecting the losses occurring by spec-
trum. A parametric analysis is carried out while biasing the
cell to evaluate the I–V curve of the cells subjected to both
uniform and non-uniform illumination patterns. Applying
bias on the cell in small increments, the output power
and current are modelled for both uniform and non-
uniform illumination conditions. In both cases the total
illumination on the cell is identical and the temperature is
Fig. 22. Power ratio at different acceptance angles.
maintained as observed during the test conditions.
Fig. 23 shows the simulated Isc values under both uniform
and non-uniform illumination conditions. A drop in the
short circuit current can be observed due to the effect of
non-uniformity having an average magnitude of 2.2%. A
drop of about 0.5% is observed in the average cell efficiency
due the non-uniformity of incoming flux distributions.
5. Thermal analysis

The solar cell temperature plays a key role in determin-
ing the overall energy produced by the solar cell, hence
making it important to perform the thermal analysis of
the overall system and determine the solar cell temperature.
The temperature profile spread over the solar cell has also
been shown to have a positive influence on the electrical
output (Chemisana and Rosell, 2013). Determining the
temperature distribution gives an idea if there is any need
of cooling arrangement for the system. In the present study
we analyse the operating temperature profile of the solar
cell while performing a steady state heat transfer and then
try to recalculate the electrical output of the solar cell. The
thermal analysis is carried out using the finite element
method, Fig. 24 shows the geometry of the system ana-
lysed. The most important step while solving the problem
in finite element method is the meshing, which involves par-
titioning the geometry into smaller units known as the
cells/mesh elements. These mesh elements can take different
shapes and sizes. It is important that proper meshing be
applied over the domain in order to obtain correct results.
Different meshes were applied while carrying out the simu-
lations and a grid independence test was carried out.

Typical heat transfer boundary conditions were applied
to the system, a convective heat transfer condition was
applied towards the top and the bottom surface of the sys-
tem with h = 10 W/m2-K on the exterior surfaces of the
system and a convective heat transfer coefficient of
h = 7 W/m2-K on the interior surfaces. The source of heat
transfer is considered to be the heat generated by the solar
Fig. 23. Comparison of Isc under uniform and non-uniform illumination
conditions.



Fig. 24. Geometry used for the thermal analysis.

Fig. 25. Temperature distribution across the CPV system.
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cell whilst converting the available irradiation to the electri-
cal energy. Symmetry boundary conditions were applicable
towards the side edges of the glass plate. The thermo-phys-
ical properties of the different materials used has been listed
in Table 4 below.

A typical result obtained while simulating the system
can be seen in Fig. 25, the temperature distribution varies
in the range of 297–332 K in the system.

The thermal analysis is carried out for various angular
positions, some of the results of which are presented in
Fig. 26. It may be observed very well that the variation
of the solar cell temperature is not that significant, however
the temperature values are different at different angular
positions. Starting with the highest temperature of 332 K
in the case of the 0� incident angle, the temperature drops
down to 299 K in the case of 60� incident angle. Also,
important to note is that the temperature profile is in line
with the incoming illumination flux intensity. Using the
temperature distributions obtained from the thermal anal-
ysis, the T(x, y) is utilised to perform the electrical analysis
is carried out for different angular positions to determine
the steady state performance of the system.
6. System output

Using the temperature profiles obtained at different
incident angles, the I–V characteristics are once again
evaluated at the expected operating conditions to know
what effect the temperature and its distribution has on
the performance on the system. Fig. 27 shows the I–V
Table 4
Thermo-physical properties of the different materials.

Component Solar cell
Material Silicon
Thickness (mm) 0.3
Density (kg m�3) 2329
Thermal conductivity (W m�1 K�1) 149
Heat capacity (J mol�1 K�1) 19.789
characteristics of a unit concentrator under an illumination
of 1000 W/m2 at different incidence angles under test and
expected operating conditions. It may be clearly seen that
the temperature has a parasitic effect on the performance
of the system. The Voc of the concentrator unit drops
significantly and so the maximum power point of the solar
cell.

A cell temperature of 332 K was observed along the cell
when the angle of incidence is 0�, which increasing angle of
incidence the amount of illumination intensity falling over
the solar cell decreases due to decreasing optical efficiency
and so the operating temperature decreases to about
320 K at an angle of incidence of 40�. A considerable drop
in the open circuit voltage and the maximum power occurs
during this transformation which is detailed in Table 5. A
considerable drop in fill factor amounting to an average
of 4% is observed during actual operation of the CPV unit
due to the temperature rise. About 14.6% of drop in the
maximum power output and 11% drop in Voc values can
be observed. It may be noted that the Voc values under test
conditions drop with increasing angle of incidence, whereas
they can be seen to increase during the operating condi-
tions. This may be primarily attributed to the decreasing
operating temperature with increasing angle of incidence
under operating conditions.
7. Conclusions

A dielectric based 3DCCPC based PV unit was analysed
for its optical, electrical and thermal performance.
Extensive set of experimental and numerical results are
presented to support its prospects as a Building integration
system especially on tilted surfaces. It could be a good
Concentrator Glass plate Encapsulation
Polyurethane Glass Sylguard
14.5 3 0.5
1162 2500 1030
0.1875 1.4 0.16
1465 750 1030



Fig. 26. Temperature contours on the concentrator and the solar cells.

Fig. 27. I–V characteristics at different incident angles under test and steady state conditions.
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application titled fac�ade, sky lighting or a roof application.
Using the flux distribution obtained while performing the
optical analysis the electrical modelling of the solar cell
was performed using finite element method. The I–V char-
acteristics of the system under different incidence angles
was analysed and compared with experimental results. It



Table 5
Comparison of the electrical characteristics of the solar cell under test and
operating conditions.

Angle of incidence Test conditions Operating conditions

Voc Pm FF Voc Pm FF

0 0.612 0.044 0.802 0.531 0.037 0.770
10 0.611 0.043 0.802 0.535 0.036 0.766
20 0.610 0.041 0.800 0.540 0.035 0.764
30 0.605 0.037 0.802 0.545 0.032 0.765
40 0.600 0.028 0.793 0.550 0.025 0.773
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was shown how misalignments can cause a drop in the
overall performance and minimisation of such errors is to
be avoided during the manufacture of the system. The
impact of non-uniformity of flux distribution showed an
average drop of 2.2% in the Isc values, which would again
reflect the same in the solar cell efficiency. The electrical
efficiency of the system was used to calculate the heat dis-
sipated by the solar cell to the rest of the unit. Further
the temperature of the solar cell and its profile is used to
analyse the steady state operation of the solar cell under
operating conditions. The temperature was found to have
a parasitic effect on the overall performance of the system
bringing about 14.6% drop in the overall power produc-
tion. The average fill factor was found to drop from 0.8
to 0.76 during different incident angles. Future work on
the system would be to test it under outdoor conditions
and perform accelerated experiments to understand the life
cycle of the system.
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