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This paper presents theoretical and experimental optical evaluation and comparison of symmetric Compound Parabolic
Concentrator (CPC) and V-trough collector. For direct optical properties comparison, both concentrators were deliberately
designed to have the same geometrical concentration ratio (1.96), aperture area, absorber area, and maximum concentrator length.
The theoretical optical evaluation of the CPC and V-trough collector was carried out using a ray-trace technique while the
experimental optical efficiency and solar energy flux distributions were analysed using an isolated cell PV module method. Results
by simulation analysis showed that for the CPC, the highest optical efficiency was 95% achieved in the interval range of 0∘ to ±20∘
whereas the highest outdoor experimental optical efficiency was 94% in the interval range of 0∘ to ±20∘. For the V-tough collector,
the highest optical efficiency for simulation and outdoor experiments was about 96% and 93%, respectively, both in the interval
range of 0∘ to ±5∘. Simulation results also showed that the CPC and V-trough exhibit higher variation in non-illumination intensity
distributions over the PVmodule surface for larger incidence angles than lower incidence angles. On the other hand, themaximum
power output for the cells with concentrators varied depending on the location of the cell in the PV module.

1. Introduction

One of the greatest challenges facing the world today is
breaking fossil fuel dependence and promoting the devel-
opment of new and renewable sources of energy that can
supplement and, where appropriate, replace the diminishing
resources of fossil fuels. Solar energy is clearly one of the
most promising prospects to these problems since it is non-
pollutant, renewable, and available everywhere in the world
although with varying intensity. However, solar electricity
has not been utilised as much as it should have been due
to low photovoltaic (PV) cell conversion efficiency [1], high
cost of PV modules [1] and, until recently, the very low
cost of oil and gas. An effective way of improving PV cell
efficiency is to increase the light intensity on the PV module
by using concentrating systems [2]. Concentrating system
also increases solar flux at the PV surface thus reducing the
area of photovoltaic material required [2, 3].

Solar concentrators are generally categorized as refractive
or reflective [4, 5]. The former can be achieved by lenses
whilst the latter is accomplished by using glass mirrors
or reflectors. Both refractive and reflective concentrators
may be further classified as high-concentrating or low con-
centrating systems. Although higher concentration ratios
result in higher light intensities on the PV cells and a
possibility of a lower cost per kWh produced, high initial
investments for the high-concentrating systems suggest that
low-concentrating systems are a more cost effective solution.
Low-concentrating collectors are, in principle, less expensive
than high concentrators, as they have no moving parts or
solar tracking devices. In addition, manufacturing costs are
cheaper because their components are simpler and require
low cost in maintenance [6].

Extensive research in the design and testing of solar
concentrators has resulted in several different concentrating
solar collector designs such as flat planar [7], V-trough
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concentrator [8–12], polygon concentrators [13], compound-
wedged cylindrical concentrators [14], two-faced conical
concentrators [15], trapezoidal groove [15], parabolic trough
concentrator [5, 16], central receiver collector [7], fresnel
lens concentrator [16], conical concentrator [7], compound
elliptical concentrator [7], hyperboloidal concentrator [7],
spherical concentrator [4], pyramidical concentrator [7],
Compound Parabolic Concentrator (CPC) [9, 17, 18], and
multisectional concentrators [11]. However, the CPChas been
considered the best static concentrator for solar radiation
collection [9, 19, 20]. The advantages of the CPC over other
solar concentrating systems include high optical efficiency
and being able to collect both diffuse and direct radiations [9].
Nevertheless, the use of the CPC is still limited to specialist
applications because of nonuniform illumination [17]. On the
other hand, the V-trough collector has been considered as the
best collector in terms of more uniform illumination [12].

The performance of the CPC and V-trough collector
for PV applications depends, amongst other factors, on the
optical efficiency and solar flux distribution along the PV
module [20–23]. The former is the ratio of the solar energy
absorbed by the PV module to the solar energy incident on
the aperture of the concentrator [21] while the later shows
the distribution of solar flux across the PV module. The
evaluation of optical efficiency of a concentrating system is
an important process in the characterisation of concentrators
because it is a measure of the quality of the concentrating
system [20]. On the other hand, the way in which solar
radiation is incident on the surface of a PV module within a
concentrator is vital to its performance because nonuniform
solar energy flux distribution has a significant negative effect
on the electrical performance [2]. Both parameters (optical
efficiency and solar flux distribution) depend mainly on the
total solar energy incident on the aperture of the collector and
the total solar energy reaching the PV module. The energy
reaching the PV module depends on the optical properties
of various materials involved, the geometry of the collector,
and the geometrical perfection of the reflecting surface of the
concentrator [23].

Theoretical characterisation of a concentrating system for
PV application can be achieved by ray-tracing technique [24–
27] while experimental optical efficiency and solar energy
flux distribution can be achieved using various experimental
methods [2, 17, 24, 27]. This paper presents theoretical
optical evaluation and comparison of the CPC and V-trough
collector using a ray-trace technique while the experimental
optical efficiency and solar energy flux distribution were
analysed using an isolated cell PVmodulemethod.The paper
also compares the maximum power output generated by
each PV cell within a CPC and V-trough collector for two
incidence angles: 0∘ and 20∘.

2. Materials and Methods

2.1. Designing Parameters of a 2DCPC andV-Trough Collector.
In this study two concentrators, symmetric 2-dimensional
(2D)CPC andV-trough collector, were considered. For direct
comparison, both collectors were deliberately designed to
have the same geometrical concentration ratio, aperture area,

absorber area, and maximum collector length. The CPC was
truncated to reduce its height and to ensure that its geomet-
rical concentration ratio is the same as that of a V-trough
collector. Table 1 presents the geometrical properties of the
designed symmetric 2D CPC (before and after truncation)
and V-trough collector.

2.2. Ray-Trace Simulation Program for Theoretical Optical
Evaluation. In order to evaluate theoretical optical per-
formance of a 2D CPC and V-trough collector, ray-trace
technique was used to determine the acceptance angle,
optical efficiency, optical losses, solar energy flux distribution
on the PV surface, and general characteristics of angular
acceptance function as well as general optical efficiency. The
ray-trace technique employed in this work is called “Eazee
ray-trace program” developed by Zacharopoulos [24]. For a
given direction and irradiance incidence angle, the ray-trace
program simulates the transmission path of a ray from the
point it strikes on the aperture cover until it is intercepted
by the PV module or exits the concentrator through the
aperture. The input to the program is a set of values, which
depends upon the properties of the materials involved. The
inputs for this analysis were extinction coefficient of the
aperture cover material, reflectivity of the reflector, incidence
and azimuth angles, type of simulation, refractive indices of
the media, and absorptance of the absorber (PV module).
Table 2 shows the input parameters that were employed in the
programwith exception of the incidence and azimuth angles.

For a specific set of inputs, a ray-tracing program ran-
domly chooses the coordinates of the striking point for each
ray on the aperture cover and determines the path taken by
that ray through the aperture cover to the PVmodule. During
the ray passage, the ray-tracing program calculates (for each
ray) the point of intersection and the associated angles of
incidence and refraction on the surface in question (aperture
cover, reflector surfaces, or PV module). The program also
calculates the solar energy absorbed and refracted by the
reflector surfaces and the total solar energy absorbed by the
PVmodule. Furthermore, the ray-tracing program calculates
the energy flux distribution across the PV module as well
as number of ray reflections on the reflector surfaces. The
program computes all these values for a sufficient number of
initial rays such that the averaged outcome of the rays is a fair
representation of the simulated illumination.

For this study, the PVmodule was assumed to be a perfect
absorber of the solar irradiation [28] and the reflector surface
was assumed to be specular [17] with a reflectivity equal to
that of the employed reflector material (𝜌 = 0.91).

2.3. Experimental Optical Characterisation of
a 2D CPC and V-Trough Collector

2.3.1. Solar Energy Flux Distribution along the PV Module
and Experimental Optical Efficiency. To determine the solar
energy flux distribution along the PVmodule within the CPC
and V-trough collector as well as the experimental optical
efficiency, an isolated cell PV module was designed and
fabricated as detailed in Paul et al. [2].The overall dimensions
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Table 1: Geometrical dimensions of the 2D CPC and V-trough collector.

Parameter CPC (before truncation) CPC (after truncation) V-trough
Acceptance half-angle (∘) 30.0 30.7 21.0
Trough angle (∘) [—] [—] 10.0
Concentration ratio 2.0 1.96 1.96
Aperture width (mm) 218.0 213.64 213.64
Receiver width (mm) 109.0 109.0 109.0
Receiver length (mm) 109.0 109.0 109.0
Maximum height (mm) 282.4 212.07 296.72
Maximum length (mm) 500.0 500.0 500.0

Table 2: Parameters employed in the ray-trace software.

Parameter Value
Refractive index of glass (𝑛

𝑔

) 1.52
Refractive index of air (𝑛

𝑎

) 1.00
Glass extinction coefficients (m−1) 4.00
End loss coefficient 0.99
Reflectivity of the reflector (𝜌ref) 0.91
Absorptance of the PV cells 1.00

of the isolated cells PVmodule were 118mm × 109mmwhich
allowed it to fit exactly at the absorber (exit aperture) area of
the CPC andV-trough collector.The isolated cells PVmodule
consisted of 11 monocrystalline silicon BP Solar “Saturn” cells
with dimensions of 9mm × 109mm each [24].

By using an isolated cell PV module as the absorber
of the CPC and V-trough collector and measuring current
yields from each of the cells it was possible to determine
the amount of solar radiation reaching the PV module and
its distribution. In this study, the experimental solar flux
distribution along the PVmodule for each collector (CPCand
V-trough) was determined using

Energy flux concentraion =
𝐼SC, conc

𝐼SC, without
, (1)

where 𝐼SC,without is the short-circuit current of a PV cell
without concentrator and 𝐼SC, conc is the short-circuit current
of a PV cell with concentrator.

Since the short-circuit current of a PV module, at a
constant temperature, depends only on the absorbed solar
radiation, the experimental optical efficiency (𝜂opt, exp) of each
concentrating system (CPC and V-trough) was calculated
from the measurements of the short-circuit currents with
concentrator and without concentrator using the following
equation [29]:

𝜂opt, exp =
𝐸PV module
𝐸aperture

, (2)

where 𝐸PV module is the total solar energy on the PV module
and 𝐸aperture is the incident solar energy on the aperture of a
concentrator.The incident solar energy on the aperture of the
concentrator is given as

𝐸aperture = 𝐺aperture𝐴aperture, (3)

where 𝐺aperture is the incident illumination on the aperture
of the concentrator and 𝐴aperture is the aperture area of the
concentrator calculated from

𝐴aperture = 𝐴PV module𝐶𝑔 = 𝐿PV𝑤𝑇, (4)

where 𝐿PV is the length of the PV module and 𝑤
𝑇
is the

aperture width of the concentrator.
Since the PV module had 11 isolated cells, the total solar

energy on the PV module (𝐸PV module) was calculated from

𝐸PV module =
PV cell=11
∑

PV cell=1
𝐸PV cell, (5)

where 𝐸PV cell was calculated from

𝐸PV cell =
𝐼SC, conc

𝐼SC, without
𝐴PV cell𝐺aperture. (6)

2.3.2. Experimental Test Procedures. The experimental opti-
cal efficiency and solar flux distribution characterisation of
the fabricated CPC andV-trough collector were carried out at
the roof of theCentre for Sustainable Technologies laboratory
building, University of Ulster, UK (56∘ N, 5∘W).The location
is influenced by a maritime climate, with highest and lowest
solar insolation received at June and December solstices,
respectively. For this reason, the experiments were carried
out during June and August. To avoid interruption of diffuse
radiation, all the measurements presented in this work were
carried out only on clear sunny days.

During the measurements, the CPC and V-trough col-
lector (each fabricated by aluminium sheet reflector with
reflectivity of 0.91) were aligned in the East-West direction
(Figure 1). A special “inclinometer” was used to ensure that
the solar vector remained in the meridian plane of the
concentrator for the duration of the measurements and also
allowed tilt adjustment to achieve the required incidence
angle of solar radiation. To minimise alignment errors due
to the “movement” of the sun in the sky, the concentrator tilt
angle and incidence angle of solar radiation were monitored
and adjusted at 5-minute intervals.

The intensity of the solar radiation on the aperture of
each concentrator was measured using Kipp and Zonen
pyranometer (see Figure 1) while Keithley 2430 SourceMeter
was used to produce the I-V curves of each cell for each
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Figure 1: Experimental setup of the CPC at 10∘ incidence angle for
outdoors testing.

experimental test. To determine the variation of the outdoor
experimental optical efficiency and solar flux distribution,
each test unit (CPC and V-trough) was tilted manually to
different incidence angles between 0∘ and 20∘. For a given
incidence angle of solar radiation, the isolated cell PVmodule
was placed on the aperture of the concentrator under the
incident light. With this setup, the I-V curve of each cell in
the PV module was measured and the corresponding short-
circuit currents (𝐼SC,without) were determined. The module
was then placed at the receiver location of the test unit (CPC
or V-trough collector) and the I-V measurement for each cell
was generated.The short-circuit currents (𝐼SC, conc) under the
concentrated light were determined for each cell from the
corresponding I-V curves. The short-circuit currents were
normalised as the measured solar irradiance between each
experiment varied slightly.

The experimental solar flux distribution along the PV cell,
for both collectors (CPC and V-trough), was examined for
0∘, 10∘, 15∘, and 20∘ incidence angles using the short-circuit
current method.

During incidence angles adjustment, each test unit (PV
module at the aperture of a concentrator, CPC or V-trough
collector)was covered to avoid overheating of the PVmodule.
Furthermore, an air-fan was used to produce forced cooling
and achieve uniform temperature across the PV module
during the experimental test.

3. Results and Discussions

3.1. Theoretical Optical Evaluation and Comparison for
the CPC and V-Trough Collector

3.1.1. Introduction. The way in which solar radiation is inci-
dent on the aperture of a PV concentrator is vital to the
performance of a PV module. This is due to the fact that the
position in which the rays strike the PV module directly or
indirectly (after reflections) is primarily dependent on the
incidence angle of the ray, 𝜃in [30, 31]. For this reason, the
angular acceptance function, optical efficiency, optical losses,
and solar energy flux distributions along the PV module in
the CPC and V-trough collector were analysed for 0∘, 5∘, 10∘,
25∘, and 27.5∘ incidence angles.

3.1.2. Optical Analysis for Solar Radiation Incident
Perpendicular to the Concentrator Aperture

(1) Ray-Trace Diagrams. In solar concentrating system with
a flat receiver, the point to which the ray is finally reflected
on the receiver is dependent on two parameters: the angle
of incidence of the ray and the geometry of the reflecting
surface of the concentrator [31]. The effect of concentrator
reflector surface geometry on ray distribution is illustrated in
Figure 2, where 50 rays, spaced equally across the apertures
of the CPC and V-trough, were traced for solar radiation
incident perpendicular to the apertures of the concentrators.
It can be seen that all rays reach the PV module in both con-
centrators either directly or indirectly (after being reflected
from the reflector surfaces). However, due to difference in
reflecting surfaces profile, the number of rays reaching the
receiver directly or after reflection(s) varies between the two
concentrators. For example, as shown in Figure 3, while
52% of all incident rays strike the receiver directly in both
concentrators, 44% and 48% reach the receiver after one
reflection in the CPC and V-trough collector, respectively.
The rays which intersect the receiver after two reflections in
the CPC were only 2% while none was reflected twice in the
V-trough collector.

(2) Angular Acceptance Function and Optical Efficiency. In
concentrating systems, the angular acceptance function and
optical efficiency depend on the properties (i.e., reflectivity,
absorptance, extinction coefficient, and thickness) of the
aperture cover material, reflectivity of the reflector, and
reflector surface geometry [20]. Since both concentrators
(CPC and V-trough) were simulated with the same values
of the aperture cover glass extinction coefficient, reflectivity,
and absorptance, the difference in their angular acceptance
function, optical efficiency, and optical losses was a result of
the difference in reflecting surface geometry only. This is due
to the fact that different reflecting surface geometry profiles
have a different number of reflections owing to difference
in ray path-length [32]. Therefore, comparisons of angular
acceptance function, optical efficiency, and optical losses for
theCPC andV-trough concentrators were based on reflecting
surface geometry as shown in Figure 4. It can be seen that all
incident rays were accepted by both concentrators because
they are within the acceptance angle limits. It is observed
that both concentrators have high optical efficiency (94% for
the CPC and 95% for the V-trough) as a result of most rays
reaching the PV module directly or after only one reflection
and hence low optical losses by absorption.

(3) Solar Energy Flux Distributions along the PV Module.
Although the CPC and V-trough collector had the same
concentration ratio and all the rays were intercepted by
the PV module as illustrated in Figure 2, the position on
which each ray strikes the PV module after reflection(s)
was different for each concentrator due to difference in
reflecting surface geometry. This is illustrated in Figure 5,
where 10,000 rays, equally spaced over the aperture of each
concentrator, were traced to examine the effect of reflector
surface geometry on the solar energy flux distributions on
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CPC V-trough

Figure 2: Ray-trace diagrams for the CPC and V-trough collector with solar radiation incident perpendicular to the aperture of the
concentrators.
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Figure 3: Comparison of number of rays reaching the PV module
directly or after reflection(s) for the CPC and V-trough collector
when solar radiation incident was perpendicular to the aperture of
the concentrators.

the PV module. As expected from the ray-trace diagram
(Figure 2), the CPC has a high flux concentration at the edges
of the PVmodule because, after reflection, themajority of the
rays are concentrated at the edges of the PVmodule. Figure 5
also shows that the CPC has uniform solar flux distribution
between 20mm and 90mm since all rays reach the PV
module without reflection. On the other hand, the V-trough
collector has uniform solar flux distribution over the whole
surface of the PV module, except at the centre. The V-trough
exhibits nonuniform radiation profile at the centre due to
overlapping of rays from the reflector surfaces (see Figure 2).
Uniform distribution in V-trough collectors is a function
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Figure 4: Comparisons of angular acceptance, optical efficiency,
and optical losses for the CPC and V-trough collector when
solar radiation was incident perpendicular to the aperture of each
concentrator.

of trough angle [12]. As the trough angle increases, the overall
solar energy flux becomes more uniform but the acceptance
angle decreases and this reduces the number of rays to be
accepted by the concentrator.

Since nonuniform flux distribution on a PV module in
which cells are connected in series has significant negative
effect on the electrical performance, thus the high solar flux at
the edges of the PV module within the CPC (which is about
9 times than the least-illuminated area) will not contribute
to an increase in power output. The reason is that when a PV
module inwhich cells are connected in series is nonuniformly
illuminated the current generated by the whole PV module
is limited by the least-illuminated cell(s) [2]. On the other
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Figure 5: Solar energy flux distributions along the PV module
for the CPC and V-trough collector for solar radiation incident
perpendicular to the aperture of each concentrator.

hand, the highly concentrated cells located between 50mm
and 60mm will not contribute to power output when the
PV module is used in the V-trough collector as the solar
flux in this area is also above the least-illuminated cells.
Therefore, if uniform illumination is taken as the only criteria
in selecting the best concentrating system for PV application,
then it could be economically advantageous to use the V-
trough collector as it has more uniform area than the CPC.
However, if the PV module consists of isolated cells, the
effect of nonuniform illumination results in a power output
increase for cells located in the high insolation areas as the
current is no longer limited by the least-illuminated cells [2].
In this way, the PV module operates efficiently for the reason
that each cell performs to its potential.

3.1.3. Optical Analysis at 5∘ and 10∘ Incidence Angles

(1) Ray-Trace Diagrams. Ray-trace diagrams for the CPC and
V-trough collector with incident solar radiation at 5∘ and 10∘
from the perpendicular to the aperture of each concentrator
are shown in Figures 6 and 7, respectively. In both figures, 50
rays, equally spaced over the aperture of each concentrator,
were traced to investigate the relationship between incidence
angle and concentrator reflecting surface geometry. It can
be seen that the number of rays reaching the left and right
reflector surfaces before being reflected to the PV module
varies with both incidence angle and concentrator reflector
surface geometry. At 5∘, the numbers of rays reaching the
left reflector surface of the CPC and V-trough were 32% and
36%, while those reaching the right reflector surfaces were
16% and 12%, respectively. In both concentrators, increasing
the incidence angle from 5∘ to 10∘ leads to more rays being
reflected onto the PV module by the left reflector surface
compared to right reflector (as illustrated in Figure 8, where
42% and 48% reach the left reflector for the CPC and V-
trough, resp.).

(2) Angular Acceptance Function and Optical Efficiency. The
variation of angular acceptance function, optical efficiency,
and optical losses for the CPC and V-trough collector at
two different incidence angles (5∘ and 10∘) is shown in
Figure 8. It can be seen that, in spite of the difference
in surface geometries between the CPC and V-trough, the
angular acceptance function is the same (100%) for both
concentrators as the incident angle is within the acceptance
limits of the concentrator. In addition, both concentrators
have a high and similar optical efficiency of about 95%
because most of the rays reach the receiver either directly or
after one reflection and hence low optical losses as illustrated
in Figure 8.

From Figure 8, it can be observed that an increase in
incidence angle from 5∘ to 10∘ has no significant effect in the
angular acceptance function in both concentrators because
all the incidence rays still reach the PV module. It is also
observed in Figure 8 that an increase in incidence angle has
no significant effect on the optical efficiency and optical losses
of both concentrators because, as indicated in Table 3, both
concentrators had approximately the same number of rays
that reach the receiver directly and after one reflection.

(3) Solar Energy Flux Distributions along the PV Module.
Figure 9 shows the solar energy flux distributions along the
PV module for the CPC and V-trough collector with an
incident solar radiation at 5∘ and 10∘ from the perpendicular
to the aperture of the concentrator. For each angle of
incidence, 10,000 rays, equally spaced over the apertures of
each collector, were traced. It can be seen that the solar
energy flux distribution for each concentrator is nonuniform
and the magnitude of illumination uniformity varies with
incidence angle and concentrator reflector surface geometry.
As illustrated in the figure, the CPC has four illumination
intensity peaks; the two highest peaks occur at 20mm to
28mm and 97mm to 106mm whilst the smallest peaks are
found at the edges of the PV module. As the incidence angle
increases from 5∘ to 10∘, the highest intensity peak on the left
increases in magnitude and shifts to the right whilst the high
intensity peak on the right side of the PVmodule decreases in
magnitude and becomesmuch narrower. It is also noted from
Figure 9 that the solar energy flux is distributed uniformly
for the CPC between 28mm and 97mm when the solar
radiation incidence angle is 5∘. However, the uniformity in
solar energy flux distribution shifts to 38mm and 101mm
when the incidence angle increases to 10∘. The reason for the
shift in intensity peaks and uniformity area is due to the fact
that at this incidence anglemore rays are being reflected from
the left reflector and, after reflection, they are focused towards
the edge of the right side of the PV module.

For the V-trough collector, it can be seen from Figure 9
that it has only one high solar peak at both incidence angles.
However, due to most rays being reflected from the left
reflector, the peak shifts towards the edge of the right side of
the PV module and becomes much wider as the incidence
angle increases to 10∘.

The solar energy flux distribution analysis presented in
Figure 9 leads to the conclusion that if the PVmodule used in
each concentrator consists of cells in series connection, then
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CPC V-trough

Figure 6: Ray-trace diagrams for the CPC and V-trough collector with solar radiation incident at 5∘ from the perpendicular to the aperture
of each collector.

CPC V-trough

Figure 7: Ray-trace diagrams for the CPC and V-trough collector with solar radiation incident at 10∘ from the perpendicular to the aperture
of each concentrator.

the PV module within the V-trough collector will generate
more electrical power output than the PV module with the
CPC. The reason is that the values of solar energy flux in
the lowest illumination region (which limit the generated
current) are higher and more uniform in the V-trough
collector than in the CPC.However, if the PVmodule ismade
of isolated cells, then the sum of power output from the PV
module with the CPC will be greater than a similar module
with the V-trough. This is because when sharp peaks of solar
radiation flux exist, the absorbed high solar irradiance (by an
individual cell) is converted to high current and hence high
power output as the photogenerated current is not limited [2].

3.1.4. Optical Analysis at 25∘ and 27.5∘ Incidence Angles

(1) Ray-Trace Diagrams. Ray-trace diagrams for the CPC and
V-trough collector with incident solar radiation at 25∘ and
27.5∘ from the perpendicular to the aperture of the collector
are shown in Figures 10 and 11, respectively. It can be seen

from Figure 10 that all incident rays reach the PV module for
the CPC whilst 20% are rejected in the V-trough collector.
The rejected rays in the V-trough are due to incident angle
being greater than the acceptance angle of the collector (see
Table 1).

Increasing the incidence angle to 27.5∘ (Figure 11) causes
34% of the rays incident on the V-trough to be rejected and
most of the accepted rays are reflected more than two times
before intersecting the PV module (see Table 3). These two
factors result in a decrease in optical efficiency and increase
in optical losses as illustrated in Figure 12. On the other hand,
increasing the incidence angle to 27.5∘ causes the majority of
rays to be concentrated near the edge of the right side of the
PV module for the CPC collector.

(2) Angular Acceptance Function and Optical Efficiency. The
comparison of angular acceptance function, optical effi-
ciency, and optical losses for the CPC and V-trough at
two different incidence angles (25∘ and 27.5∘) is given in
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Table 3: Variations in ray reflections as a function of incidence angle and concentrator reflecting surface geometry.

Incidence
angle (∘)

CPC V-trough

No reflection (%) One reflection (%) Two reflections (%) No reflection (%) One reflection (%) Two or more
reflections (%)

0 52 44 4 52 48 0
5 52 46 2 52 48 0
10 52 48 0 52 44 2
25 28 72 0 10 40 40
27.5 24 76 0 2 40 58
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Figure 8: Comparisons of angular acceptance, optical efficiency,
and optical losses of the CPC and V-trough for solar radiation
incident at 5∘ and 10∘.
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Figure 9: Solar flux distributions along the PVmodule for the CPC
andV-trough collector for solar radiation incident at 5∘ and 10∘ from
the perpendicular to the aperture of the collector.

Figure 12. Due to difference in reflecting surface geometry,
only the CPC attained an angular acceptance of 100% at both
incidence angles whilst the V-trough had only 80% at 25∘.
An increase in incidence angle from 25∘ to 27.5∘ decreases
significantly the angular acceptance to 54% for the V-trough
due to incidence angle being greater than the acceptance
angle of the collector.

As shown in Table 3, when the incidence angle is between
25∘ and 27.5∘, the number of rays reaching the PV module
directly decreases considerably for each concentrator. This
results in higher optical losses and lower optical efficiency
as presented in Figure 12. For the V-trough collector, higher
optical losses are also due to rays which are rejected.

(3) Solar Energy Flux Distribution along the PV Module.
Figure 13 shows the solar energy flux distribution along the
PVmodule for the CPC and V-trough collector with incident
angles at 25∘ and 27.5∘ from the perpendicular to the aperture
of the concentrator. For each angle of incidence, 10,000 rays,
equally spaced across the aperture of the collector, were
traced. It can be observed from this figure that solar energy
flux distribution across the PVmodule for each concentrator
is nonuniform and the magnitude of illumination uniformity
varies with incidence angle and type of the concentrator
reflector surface geometry. As illustrated in Figure 13, the
CPC at 25∘ has maximum solar energy peak of up to 42
between 80mm and 87mm while the magnitude of solar
energy flux for the V-trough is very low.

As the incidence angle increases to 27.5∘, 59% of all the
accepted rays in the CPC are focused onto a very small
portion at the edge of the right side of the PVmodule, giving a
peak of solar concentration up to 48 compared with less than
2 for the V-trough collector. Low solar energy peak for the V-
trough is due to multiple reflections and rejected rays. Due to
high solar energy flux near the edge of the right side of the PV
module for the CPC, an increase in local temperature and a
significant reduction in conversion efficiency are expected at
these incidence angles in real applications.

3.1.5. General Characteristics of Angular Acceptance Function
and Optical Efficiency within ±90∘ Incidence Angles

(1) Angular Acceptance Function. In an East-West alignment,
stationary CPC and V-trough collector accept solar radiation
in the range of−90∘ and+90∘ incidence angle. For this reason,
the angular acceptance function and optical efficiency of
the two concentrators were also analysed for a full range of
incidence angles. Figure 14 shows the variation of angular
acceptance as a function of incidence angle for the two
collectors. It can be seen that both concentrators have an
equal angular acceptance of 100% within their acceptance
angle limits. However, due to difference in reflector surface
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Figure 10: Ray-trace diagrams for the CPC and V-trough collector with solar radiation incident at 25∘ from the perpendicular to the aperture
of the concentrator.
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Figure 11: Ray-trace diagrams for the CPC andV-trough collector with solar radiation incident at 27.5∘ from the perpendicular to the aperture
of the concentrator.

geometries, the angular acceptance function of each concen-
trator changes towards the upper limits of the acceptance
angle. It can be observed from Figure 14 that, for the CPC,
the angular acceptance increases linearly from 0% at −37.5∘
to 100% at −27.5∘ and remains almost constant within ±27.5∘
incidence angles. It deceases linearly from 100% to 0% in the
+27.5∘ to +37.5∘ incidence angle range. On the other hand,
the angular acceptance function for the V-trough increases
linearly from 0% at −42.5∘ to 100% at −20∘ and remains
constant within ±20∘ incidence angles. It deceases linearly
from 100% to 0% in the +20∘ to +42.5∘ incidence angle range.

Although both the CPC andV-trough have equal concen-
tration ratios and aperture areas, they have difference angular
acceptance function beyond their acceptance angle limits due
to difference in heights and reflector surface geometry. It can
be seen from Figure 14 that the V-trough has a higher angular
acceptance function than the CPC above ±30∘. Whilst no
rays can be collected for incidence angles above ±37.5∘ for the
CPC, the V-trough can collect up to ±42.5∘.

(2) Optical Efficiency.Thepredicted optical efficiencies for the
CPC and V-trough are shown in Figure 15. It can be seen
that the highest optical efficiency for both concentrators is
about 95%. Due to larger acceptance angle and low optical
losses, the CPC has higher optical efficiency than the V-
trough between −30∘ and +30∘. However, beyond ±30∘ the V-
trough has higher optical efficiency due to higher maximum
height than the CPC.

3.2. Experimental Optical Efficiency and Solar Energy Flux
Distribution along the PV Module

3.2.1. Experimental Optical Efficiency. Figure 16 shows the
experimental optical efficiency of the CPC and V-trough
as a function of incidence angles. Comparison between the
simulated optical efficiencies (Figure 15) and the experimen-
tal optical efficiencies (Figure 16) indicates that both results
are in good agreement. For the CPC collector, the highest
optical efficiency for simulation result was 95% achieved in
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and optical losses of the CPC and V-trough for solar radiation
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CPC for 25° CPC for 27.5°
V-trough for 25° V-trough for 27.5°

0

10

20

30

40

50

60

En
er

gy
 fl

ux
 co

nc
en

tr
at

io
n

10 20 30 40 50 60 70 80 90 100 1100
Position along the PV module (mm)

Figure 13: Solar energy flux distributions along the PV module for
the CPC and V-trough collector for solar radiation incident at 15∘
and 20∘ from the perpendicular to the aperture of the concentrator.
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Figure 14: Variations in angular acceptance function with incidence
angle for the CPC and V-trough collector.
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Figure 15: Variation of optical efficiency with incidence angle for
the CPC and V-trough collector.
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Figure 16: Variation of experimental optical efficiency with inci-
dence angle for the CPC and V-trough collector.

the interval range of 0∘ to ±20∘ whereas the highest outdoor
experimental optical efficiency was 94% in the interval range
of 0∘ to ±20∘. For the V-tough collector, the highest optical
efficiency for simulation and outdoor experiments was about
96% and 93%, respectively, both in the interval range of 0∘ to
±5∘. Lower experimental optical efficiencies for the CPC and
V-tough were due to resistive losses due to high solar energy
flux, solar irradiance reflection losses at the surface of the PV
cell, and concentrator fabrication imperfections.

3.2.2. Solar Energy Flux Distribution along the PV Module.
Figures 17–20 present the experimentally measured solar
energy flux distributions along the PV module for the CPC
and V-trough collector for solar radiation incident at 0∘,
10∘, 15∘, and 20∘, respectively. As expected from simulation
analysis, the energy flux distribution along the PV module
for each concentrator (at each incidence angle) is nonuniform
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Figure 17: Experimental solar energy flux distributions along the
PVmodule for theCPC andV-trough collector at 0∘ incidence angle.
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Figure 18: Experimental solar energy flux distributions along the
PV module for the CPC and V-trough collector at 10∘ incidence
angle.

and the magnitude of illumination uniformity varies with
incidence angle and concentrator reflector surface geometry.
For example, from Figure 17 it can be seen that the CPC
has a high flux concentration at the edges of the PV module
while the V-trough collector has maximum concentration at
the centre. However, as the incidence angle increases to 10∘
(Figure 18), the second highest intensity peak on the CPC
which occurs on the right edge of the PV module decreases.
The decrease in illuminationmagnitude is due to the fact that
more rays are being reflected from the left CPC reflector and,
after reflection, they are focused near the edge of the left side
of the PV module.

As shown in Figure 19, when the CPC incidence angle
increases to 15∘, the highest intensity peak increases in
magnitude to 4.8 and shifts to the right side of the PVmodule.
At this incidence angle, the solar energy flux distribution for
the V-trough becomes more nonuniform towards the right
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Figure 19: Experimental solar energy flux distributions along the
PV module for the CPC and V-trough collector at 15∘ incidence
angle.
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Figure 20: Experimental solar energy flux distributions along the
PV module for the CPC and V-trough collector at 20∘ incidence
angle.

side of the PV module. The reason for the shift in intensity
peaks and areas of uniformity for both concentrators is due
to the fact that more solar irradiance is being reflected from
the left reflector and, after reflection, they are focused towards
the edge of the right side of the PV module. Increasing
incidence angle further to 20∘ (Figure 20) causes all the solar
irradiance in theCPC to be incident on the left reflector, as the
consequence, high energy concentration area (of about 5.6),
is evident near the middle of the PV module. In contrast, the
high energy peak for the V-trough decreases in magnitude
from 2.0 at 15∘ to 1.8 at 20∘.

From Figures 17-18, a comparison of uniformity distri-
bution between the two concentrators indicates that the V-
trough presents a more homogeneous illumination than the
CPC.
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Figure 21: Comparison ofmaximumpower output for cellswith and
without concentrator when solar radiation incident was perpendic-
ular to the aperture of the test unit.

3.3. Maximum Power Output. To examine the effects of solar
radiation incidence angle on the maximum power output of
each cell, the PV module with and without concentrator was
tiltedmanually to different incidence angles. However, for the
purpose of this paper, only the variations inmaximum power
output for 0∘ and 20∘ incidence angles are presented. For
each angle of incidence, a complete I-V curve measurement
was recorded for each cell with and without concentrators.
From the I-V curve, the maximum power output of each cell
under each system was extracted. Figures 21 and 22 show
the variations of maximum power output power of each
cell for three different cases (without concentrator, with the
CPC, and with a V-trough) when the solar radiation was
incident at 0∘ and 20∘ from the perpendicular to the aperture
of the test unit. It can be seen from both figures that the
maximum power output for the cells without concentrator
was approximately constant as there was no variation in
the energy flux received at both incidence angles. However,
the maximum power output for the PV cells with the
CPC and V-trough collector at both incidence angles varied
with the energy flux received by each cell. In other words,
the maximum power output follows similar profiles as the
experimental solar radiation flux distributions on each cell
(see Figures 17 and 20). For the CPC at 0∘ incidence angle,
the maximum power output varied from 120mW (for cell
number 7 in the least illumination region) to about 500mW
(for cell number 2 in the peak energy flux area). On the other
hand, the maximum power output for cells within the V-
trough varied from 135mW (for cell number 11 in the least
illumination region) to about 225mW (for cell number 6 in
the peak energy flux region).

As the solar radiation incident angle increases to 20∘, the
highest power output (of about 500mW) for the PV cells
within the CPC was recorded at cell number 4 while the
lowest power output of about 100mW was measured at cell
number 10. However, due to difference in reflecting surface
geometry between the CPC and V-trough collector as well
as the optical efficiency, the highest power output for the
PV cells with a V-trough collector was about 250mW at cell
number 9 whereas the lowest power output of about 100mW
was recorded at cell number 1.
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Figure 22: Comparison of maximum power output for cells with
andwithout concentrator when the incident solar irradiance was 20∘
from perpendicular to the aperture of the test unit.

4. Conclusions

In this work, a detailed simulation optical analysis, experi-
mental optical efficiency, and solar energy flux distribution
along the PV module as well as the maximum power output
with the CPC and V-trough collector have been presented.
Results by simulation analysis showed that, in spite of both
concentrators having the same concentration ratio and aper-
ture area, the concentrators had different optical behaviour,
except for the angular acceptance in the interval −20∘ ≤ 𝜃in ≤
20
∘ and optical efficiency in the interval −10∘ ≤ 𝜃in ≤ 10

∘.
For the CPC, the highest optical efficiency for simulation
result was 95% achieved in the interval range of 0∘ to ±20∘
whereas the highest outdoor experimental optical efficiency
was 94% in the interval range of 0∘ to ±20∘. For the V-tough
collector, the highest optical efficiency for simulation and
outdoor experiments was about 96% and 93%, respectively,
both in the interval range of 0∘ to ±5∘.

Theoretical results indicated that the CPC and V-trough
exhibit higher variations in non-illumination intensity dis-
tributions over the PV module surface for larger incidence
angles. On the other hand, the maximum power output for
the cells with concentrators varied depending on the location
of the cell in the PV module as well as the reflecting surface
geometry of a concentrator.
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