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Abstract

Solar concentrators are used in solar photovoltaic systems to lower the cost of producing electricity. In this situation, fewer solar cells
can be used, lowering the overall cost of the system. The purpose of this article is to design, construct, install and test a stationary (non-
tracking) concentrating system in Irbid, Jordan. Bifacial solar cells are used in the design. Two concentrator designs (with the same con-
centration ratio) are experimentally tested. Conc-A has a parabolic shape in the lower part but flat reflecting walls, whereas Conc-B has
a standard compound parabolic shape in all parts. The receiving solar cells are arranged in three distinct positions in each concentrator.
The results reveal that the output power from both concentrators is affected by the placement of the receiving solar cells within the con-
centrator. It has also been found that concentrators with flat reflecting walls perform better than those with parabolic reflecting walls.
Conc-A’s power collection is ~198% greater than that of a non-concentrating device. When Conc-B is used, the increase in power is ~181%.
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Introduction

Electricity is one of the most crucial components of the Industrial
Revolution. The daily demand for energy is rising as a result of
the improving living standards of societies and the continuing
growth of the population. This has led scholars and scientists
to seek more economical, less-polluting and more efficient en-
ergy alternatives [1]. Solar energy is the primary alternative
energy source since it is one of the most abundant alternative
energy sources and will be available for a very long period. Solar
technologies include photovoltaic (PV) panels, which convert
sunlight directly into electricity, and solar concentrators, which
turn sunlight directly into thermal energy. In the past two dec-
ades, technological advances have reduced the price of PV panels
and increased their efficiency, resulting in a focus on solar en-
ergy. New technological advances are expected to boost the use
of PV systems by reducing the cost and increasing the efficiency
of solar panels [2-4]. Perovskite solar cells [5], heterojunction
technology [6], integrated PV cells in buildings [7], printable
solar cells [8], bifacial cells, thin wafers and thin-film solar cells
are among the new breakthroughs. Researchers are motivated to
improve concentrated photovoltaic (CPV) technology employing
commercially available bifacial solar modules in an effort to fur-
ther drop prices and increase efficiency [9].

PV concentrators utilize lenses or mirrors to focus the Sun’s
rays on the solar cells. CPV systems have several advantages over
non-concentrating PV systems since they may gather the same
amount of radiation, if not more, with fewer solar cells. The dis-
advantage of the CPV is a rise in temperature, so it is essential to
dissipate the heat generated by the PV cells.

Low-concentrating PV (LCPV) systems rely on fixed reflectors
and receivers (called static concentrators), whereas high-
concentrating PV (HCPV) systems and medium-concentrating
PV (MCPV) systems rely on movable reflectors and/or receivers.
The second and third types of concentrators acquire precision
tracking to maintain the Sun’s light concentrated on the solar
cells during the day, increasing the system'’s cost, complexity and
maintenance load [10].

The high acceptance angle of static concentrators elimin-
ates the need for Sun tracking and enables the concentration
of both diffuse and direct radiation. They have been the focus
of numerous studies for many years. The most prevalent LCPV
concentrator geometries are paraboloid (symmetric, asymmetric,
and truncated) and V-trough. In recent years, it has been the topic
of various studies and a number of great review articles [11-17]
have been published in the field.

For example, Parupudi et al. [18] examined three LCPV designs
with one-sided solar cells, including asymmetric compound para-
bolic concentrating (ACPC), compound parabolic concentrating
(CPC) and V-trough optical concentrators with geometric concen-
tration ratios of 1.53, 1.46 and 1.40, respectively, and according
to their measurements, the ACPC concentrator had the highest
annual optical efficiency. Experimentally, Alnajideen and Gao [19]
examined a new design consisting of two standard V-trough con-
centrators placed in a cross. The results indicated that the con-
centration ratio of this new structure is 40-60% higher than its
typical V-trough solar concentrator counterpart. Butlers et al. [20]
used a modified V-trough concentrator, combined with a heat-
sink apparatus, utilizing the fact that LCPV has the ability to
capture more energy than conventional Si solar cells in a basic
concentration configuration.

In parabolic trough concentrators, a parabolic-shaped mirror
focuses sunlight on a receiver tube at the focal point of the par-

abola [21]. Mallick et al. [22] developed an asymmetric CPC that
did not require imaging. Their experiments revealed a 62% im-
provement in maximum power output when compared to a
comparable non-concentrating PV panel. Mokri [23] performed
experiments on CPV technology and its economic potential, as
well as the potential for this technology to bring the cost of en-
ergy to a level comparable to that of oil-based resources.

Solar concentrators have also been used in hybrid electric/
thermal systems (PVT), such as [24] and [25], where both electric
energy and heat could be obtained from the system. Masood et al.
[26] gave a comprehensive review of the applications of CPCs in
hybrid PVT systems. Katardjiev [27] introduced a novel method to
concentrate both direct and indirect sunlight by combining wave-
guiding and refractive optics. The design displayed a transmit-
tance of >90% at acceptance angles of <65° at 3 suns for moderate
refractive indices. In addition to PV conversion, the new method
harvested waste heat to maximize the use of solar radiation,
achieving an energy efficiency for diffuse light of >70%.

Bifacial solar panels are a new product in the PV industry that
have just recently become commercially available. When used
as conventional solar panels, the power output can be increased
by <30% depending on the kind of ground (concrete, green field,
white gravel, sand, etc.), the height of the installation and the tilt
angle of the panels [28-31]. Because such panels receive solar ra-
diation from both sides, developers could design solar PV concen-
trators that reflect solar energy onto both sides of the solar cell.

Rabl [32] presented the first concentrator of this type to be
used in the building-integrated PV system Fig. 1. There are just a
few research studies on the design of low ratio static solar con-
centrators that employ bifacial PV silicon solar cells. For example,
Chacinetal. [33] computationally and experimentally investigated
two CPCs. Each had a distinct concentration factor (1.25 and 1.66)
and was outfitted with bifacial cell receivers that were vertically
positioned. Higher concentration factors meant higher operating
temperatures (for closed collectors with a top glass cover) (114°C
for a concentration factor of 1.66 and 96°C for a concentration
factor of 1.25). The observed concentration ratios were low—Iless
than half of the desired values for both receivers. They attributed
the difference to an increase in the temperature of the panel.
Panchal et al. [34] simulated and experimentally tested two con-
centrating photovoltaic thermal (CPVT) system designs. The col-
lectors used a pure parabolic and a compound parabolic reflector
design, with concentration factors of 1.2 and 1.6, respectively.
Their concentrator was designed using Tonatiuh ray-tracing soft-
ware. The results of the field tests (measured at solar noon and
the best incidence angle) showed that pure parabolic was more
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Fig. 1: Schematic diagram of sea shell concentrator.
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effective than compound parabolic. Poulek et al. [35] designed
and tested tracking PV pseudo parabolic concentrators using bi-
facial solar panels with silicone gel laminated on both sides. Daily
energy gains of <167% were measured and the summer working
temperature of PV panels was +95°C. Aghaei et al. [36] investigated
the optical and electrical performance of a 1-cm?® mosaic cubical
luminescent solar concentrator by miniaturizing cubical light
guides and mounting bifacial solar cells to the edges of neigh-
bouring light guides. The maximum power-conversion efficiency
was found to be 11.6%. Consequently, there is a lack of research
on static low ratio PV concentrators that utilize bifacial solar cells.

1 Design parameters for LCPV
concentrators

The compound parabolic concentrator and V-trough solar con-
centrator are the two main shapes utilized to manufacture
LCPV solar concentrators for conventional monofacial silicon
solar cells, in addition to their asymmetrical and truncated
shapes. Typically, the concentration ratio characterizes the light-
concentration process. The most common definition of a concen-
tration ratio (CR) is the ratio between the aperture area and the
receiver area. This is called the geometric concentration ratio (C).
When coupled with the reflectivity of the surface, it is referred to
as the effective concentration ratio (C). LCPV concentrators can
reflect all incident radiation to the receiver over large ranges of
incidence angle. Limits specify the concentrator acceptance angle
(0). All radiation within the acceptance angle is reflected to the
receiver. Fig. 2 illustrates the structure of a typical V-shaped and
paraboloid LCPV concentrator and the relevance of the accept-
ance angle limit. The same definition can be used for compound
parabolic concentrators.
Geometric and effective CR can be expressed as follows [37]:

Cy= Aa =1+4+2cos®
Ar 1)
Cef =R Cg>1+2Rcos® @)

In this instance, R represents the reflectance of the reflector, L is
its length, @ is the vertex angle,and A and A represent the aper-
ture and absorber areas, respectively.

The acceptance angle (0) is one of the most crucial parameters
in solar concentrators. It is defined as the maximum angle at
which the receiver can capture incoming sunlight. The equation
below describes the link between the geometrical concentration
ratio (C ) and the acceptance angle [38]:

1
sin 6 (3)

Cy=

Fig. 2: Schematic diagram of a typical V-shaped and paraboloid LCPV
concentrator.

The CR is sometimes denoted by the optical concentration
ratio (C,) and is defined as the average irradiance (radiant flux,
I) integrated over the receiver area (A ) divided by the incident in-
solation on the collector aperture (I ). The mathematical form of

this expression is [39]:
L1 da,

la (4)
The optical efficiency is given by [40]:

Copt =

Coff

Topt =
CB

2 Methodology

2.2 Design procedure

Our goal was to build an LCPV concentrator with the highest pos-
sible concentrating value, the largest possible acceptance angle
and an area (rectangular shape) of ray concentration as opposed
to a line. We began with a V-shaped concentrator and tracing
the rays that fall onto it reveals the pattern depicted in Fig. 3.
It is well known that rays striking a reflector with an incidence
angle of less than 0 will be reflected towards the receiver (green
arrows). Those falling at a greater angle than 6 will miss the re-
ceiver and be reflected away by the second reflector (red arrow).

Toincrease the CR, the aperture area of the concentrator mustbe
increased (while the area of the receiver remains unchanged). This
can be accomplished by extending the distance between the tops
of the two reflectors or by distancing the reflectors. Fig. 4 displays

Outmost ray

Receiver

Fig. 3: Ray-tracing falls at various incidence angles on a V-shaped
concentrator.

Receiver

N\[/Z

Secondary reflector

Fig. 4: When reflectors are separated, ray-tracing falls at varying
incidence angles on a V-shaped concentrator.
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the pattern of the reflector’s reflected rays (extreme rays). Evidently,
some of the rays reflected towards the concentrator’s bottom will
miss the receiver and escape the concentrator (yellow regions).

Our hypothesis is that it is possible to put a second reflector
of a specific shape beneath the yellow parts so that it can reflect
the rays that escape from these areas back towards the rear of
the receiver (bifacial solar cell in this case). We used a ray-tracing
program to verify the hypothesis.

2.2 Ray-tracing analysis

The concentrator was designed using Ray Optics Simulation
Software [41]. The program simulates a wide range of optical phe-
nomena using models of up to three-dimensions. It takes into
account light's absorption, specular reflection and refraction, scat-
tering and aperture diffraction. It is supplied with a range of ray re-
flectors, which the user can modify using the cursor. It facilitates
the design of complex and precise reflector shapes. We used the ray-
tracing method to test various shapes, including flat and/or curved
ones, as well as single or multiple ones, in a variety of positions, in
order to find the most effective configuration that can be used as a
secondary reflector to reflect the rays to the back side of the receiver.
As a result, we found that two wide parabolic shapes arranged side
by side, with the receiver placed on top and covering half of the aper-
ture area of each, will be sufficient to satisfy the need. This config-
uration can be seen in Fig. 5. This concentrating structure has been
used previously in concentrated solar-thermal systems (the receiver
in these systems is a flat-plate solar collector) [42, 43] and more re-
cently in concentrated solar PV and thermal systems (with bifacial
PVT horizontal receiver) [44, 45] and concentrated solar PV and
thermal systems (with bifacial PVT vertical receiver) [34].

As shown in Fig. 5a, when the incident angle is zero, all rays
strike the absorber’s upper surface normally and uniformly.
Although it receives the back surface at varying angles (mainly
normal), only a small number of rays receive it at large angles.
Since a curved mirror reflects light, it is noticeable that light rays
reaching the back surface are not uniform.

When the incident angle of the falling rays increases from zero,
the rays reflected by the two parabolas follow distinct patterns.
While the parabola closest to the light source (the one on the
right) still scatters the reflected rays on the rear surface, the par-
abola on the left focuses the reflected rays near the far end of the
receiver. Fig. 5b illustrates the scattered rays for an incident angle
of 24.3°. When the incident angle of the rays is increased further,
a portion of the rays reflected from the left parabola will miss the
receiver and disperse. Fig. 5¢ shows that when the incidence angle
approaches 36°, all rays reflected from that reflector are scattered
away from the receiver. The acceptance angle for the parabola on
the right and the receiver is (theoretically) 90°, but the acceptance
angle for the parabola on the left is between 24° and 36°.

Fig. 6 depicts the resulting concentrators when the aforemen-
tioned concentrator is paired with the concentrator including
V-shaped or parabolic reflectors. Therefore, the optimal concen-
trator design has been basically determined. Fig. 7 shows the
schematic diagram of the proposed concentrators. Each of these
has a length of 60 cm and an acceptance angle of 62.6° for a con-
centrator of a flat side reflector (Conc-A) and of angle 56.3° for a
concentrator of a paraboloid side reflector (Conc-B).

2.3 Receiver specifications

The receiver consists of two independent sets of solar cells (no
connection between them) connected back to back. Each group
comprises four series-connected monofacial polysilicon solar

Fig. 5: Ray-tracing falls at varying incidence angles on two parabolic-
shaped reflectors arranged next to one another, with the receiver
positioned on top.

cells. The purchased cells have the following specifications:
P, =399W,V, =0621V,I_ =8.203 A, FF = 78.3%, = 16.4%, tem-
perature coefficient of (P ) = -0.45% and busbars number = 3.
When the receiver is put in the concentrator, two distinct groups
of data are recorded: one group corresponds to the solar cells at
the top, while the other group corresponds to the solar cells at the
back. In our physics department’s Solar Energy Lab, we connect
and assemble the solar cells that make up the receiver. Fig. 8 dis-

plays the receiver schematic diagram.

2.4 Manufacturing the prototype

In a workshop at the Industrial Zone of Irbid city, 1-mm-thick gal-
vanized iron sheets are used to construct the concentrator walls.
Conc-A is constructed by truncating the inner walls of two parab-
olas at the fixed point, followed by fusing them at the cut point.
Two flat reflectors measuring 60 cm in length and 57 cm in width
are fitted. Conc-B has the same dimensions as Conc-A, but its re-
flectors are compound trough parabolas, as illustrated in Fig. 9.
Each concentrator features three receiver locations, designated
L1, L2 and L3. These locations are used to identify the optimal
placement of the solar panel within the concentrator to maxi-
mize power output. Self-adhesive reflector (mirror) film with 85%
reflectivity is applied on galvanized sheets.
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Fig. 6: Normal incident ray tracing of the proposed concentrators.

2.5 Experimental procedure

The stationary concentrators’ longitudinal axis is aligned east-
west and the surface is tilted 32° due south (location geograph-
ical coordinates; 32.5° N, 36° E). The concentrators are installed on
the roof of the PH4 building at Jordan University of Science and
Technology, as depicted in Fig. 9. The top (or bottom) module is
linked to a variable resistor, a voltmeter is connected in parallel
with the resistor and an ammeter is connected in series with the
resistor. The resistance ranges from zero to a very high value and
the voltages across the resistor and the current are recorded for
each resistance value. Data for Levels L1, L2 and L3 were recorded
on 17, 18 and 19 October 2018, respectively. Measurements were
made at 1-h intervals between 8:00 a.m. and 4:.00 p.m. on days
with clear skies. Both concentrators used the same receiver to
ensure that the tests were carried out under identical conditions.
Similarly, data were recorded for the module while it was out-
side of the concentrator. The recorded data were then evaluated
using current vs voltage (I-V) and power vs voltage (P-V) curve
diagrams. When a curve is plotted, curve fitting is performed. The
following figures include the plotted data.

3 Results and discussion

The performance of a CPV system is measured by analysing the
solar panel’s output current, voltage and power at various times
of the day The -V and P-V curves for Conc-A and Conc-B are
shown in Figs 10 and 11, respectively. The receiver was placed on
the concentrator’s lowest level (L1) and data were collected at
8:00 a.m. on 17 October 2018. Clearly, the top panel generates more
open-circuit current (I ) and maximum power (P, ) (I, = 6.6 A and
P, =7.8 W) than the back panel (I, =1.6 Aand P, =1.9 W). This is
due to the fact that the top panel receives more radiation than the
back one, i.e. direct radiation and radiation reflected from the upper
portion of the reflector walls. Although the panel on the back side
receives only part of the radiation reflected from the concentrator’s
walls (the lower part of the walls), the output values for a similar

57 cm

Fig. 7: Schematic illustration of the concentrators’ dimensions, receiver
locations and acceptance angles.

I = Glass cover

solar celis— [N \

+= EVA

~

Back sheet:

Fig. 8: Schematic illustration of solar panels serving as a receiver.

Fig. 9: Photo of installed concentrators.

panel without concentration were [, =3 Aand P, =3.1W.1tis clear
that the output of the back panel is lower than that of the panel
without concentration, which indicates that this panel receives ra-
diation from less than one sun. The I and P, values for the top
panel are much higher than those for the back panel (~1.4 A and
~1.5 W) and the output of the back panel is lower than that of the
panel without concentration. This is also true for Conc-B. As time
passes through the day, towards noon, the solar radiation intensity
increases and hence the output of the three panels (Conc-A, Conc-B
and the one without concentration) increases, too. At 10:00 a.m.
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Fig. 10: [-V and P-V curves for Conc-A, L1.

Fig. 12: [-V and P-V curves for Conc-A, L1, 12:00 noon, 17 October 2018.
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Fig. 11: [-V and P-V curves for Conc-B, L1.

(after 2 h), the scenario, qualitatively, is similar to that collected at
8:00 a.m., where the top panel generates more power and current
than the other panels. When the total output power generated at
10:00 a.m. by the two concentrators and the panel without concen-
tration (power for Conc-A and Conc-B is the sum of power generated
by the top panel and the back panel) is compared to the total output
power generated by the same systems at 8:00 a.m., one can observe
that the total power generated by Conc-A increased by ~42% and
the increase was ~21% for Conc-B and ~45% for the panel without
concentration. The fact that the increase in the total output power
of panels in Conc-B is low may be attributed to the statement that,
as the time approaches noon, the reflected radiation from the upper
part of the walls misses largely the surface of the top panel. At this
time of the day (10:00 a.m.), Conc-A performs better than Conc-B
by ~29% and the effective CR is ~3.1, which is the same as that at
8:00 a.m. The I-V and P-V curves for all panels at solar noon are de-
picted in Figs 12 and 13, respectively. Because the intensity of solar
radiation reaches its maximum value of the day, the total power
collected by all solar panels also reaches its maximum value. Also,
at this time of the day, Conc-A performs better than Conc-B only by
~4%, with C, of ~3.1.

The relative increase in the total power from the three sys-
tems (Conc-A, Conc-B and panel without concentration) at noon,
in comparison to that at 10:00 a.m., is ~41%, ~79% and ~22%, re-
spectively. Also, at this time of day, Conc-A performs better than

16 T ] T T T T T T T T T T L 16
10 Top panel Concentrator B _{,,
= Back panel L1,12 noon
12 |-= No concentration_. = = —112
g 10 110 g
S 8 18 ¢
g o 1 S
4 -4
2" 12
0 -y
0.0 0.4 0.8 1.2 1.6 2.0 24

Voltage (V)

Fig. 13: [-V and P-V curves for Conc-B, L1, 12:00 noon, 17 October 2018.

Conc-B by ~4% and the C is ~3.1. The relative increases in the
total power by the three systems (Conc-A, Conc-B and panel
without concentration) at noon compared to those at 10:00 a.m.
are ~41%, ~79% and ~22%, respectively.

Under all circumstances, the output from panels collected
during afternoon periods is identical in amount and behaviour
to the results obtained from panels collected during the corres-
ponding times before noon. To avoid duplication, the results of
the data collected at 2:00 p.m. and 4:00 p.m. are not presented
here. The above measurements are repeated for the case in which
the receiver panels are located at Level L2 (at the middle height
of the concentrator). The output power and current for all panels
are shown in Fig. 14 for Conc-A and in Fig. 15 for Conc-B. Here,
it is observed that panels (top and back panels) in both concen-
trators are operated with less output power and current com-
pared to their output values when they are located at Level L1.
For example, the maximum output power for the top panel in
Conc-A for this level (L2) at solar noon time is 9.1 W, whereas it
was ~12.8 W for Level L1 for the same concentrator and at the
same time. These values for Conc-B were 8.5 W for L2 and 12.7 W
for L1. In fact, lower power values are recorded for both the top
panel and the back panels at all times of the day.

The output of the top panel being less is reasonable because
as the receiver location becomes closer to the top of the concen-
trator, less reflected radiation will be received by this panel. For
the back panel, it was expected that the back panel would re-
ceive more reflected radiation, yet the collected power would in-
crease as the panel moves up to the surface of the concentrator.
However, the collected data showed the opposite results, where
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the output of this panel decreased when it moved up. This can
be attributed to the fact that as the back panel moves up, the
capture factor becomes smaller and smaller, and hence more ra-
diation misses the back panel.

Another set of data was taken for the systems under study
when the receiver panels are located at the top of the concen-
trator opening, L3. In this situation, the top panel in both con-
centrators will receive only direct radiation, while the back panel
receives reflected radiation, as in other situations, but here it is
expected to receive greater radiation compared to other positions
L1 and L2. The results of the measurements are shown in Figs 16
and 17 for the two concentrators. As can be seen from the figures,
the -V and P-V curves for the top panel in both concentrators

16 [ T S RN IR N ONENT [RE NEDY (RS S SR 16
= Top panel Concentrator A
14 Back panel L2,12 noon 114
12 |== No concentration d12
g 10 =110 g
g 8 48 @
3 s de 3
4 -4
2 -2
0 | 0
0.0 0.4 0.8 1.2 1.6 2.0 2.4

Voltage (V)

Fig. 14: [-V and P-V curves for Conc-A, L2, 12:00 noon, 18 October 2018.
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g 8 -8 2
3 6 46 =
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2 -12
(] Lo
0.0 0.4 0.8 1.2 1.6 2.0 2.4

Voltage (V)

Fig. 15: [-V and P-V curves for Conc-B, L2, 12:00 noon, 18 October 2018.

overlay each other, as expected. The output power and current
from the panels in the back of concentrators are lower than what
is expected since, in this case, the area of walls under the panel
that reflects radiation is the whole area of the wall. This behav-
iour of the panels in the back can be connected to the assumption
that the capture factor becomes smaller and hence much more
radiation misses the panels in the back.

When the power generated by the back panel and the top panel
for the two concentrators at different times of the day is com-
pared, one can see that the ratio of maximum power generated by
the back panel to that generated by the top panel has the smallest
ratio at early times of the day, and the value of this ratio increases
by the time it reaches its maximum value at noon. Table 1 shows

8 g I BT NS VI NI TEmr Semy S PIm e 8
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6 == No concentration -6
<5 ° g
5 af ‘2
s 3 2
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Fig. 16: [-V and P-V curves for Conc-B, L3, 12:00 noon, 19 October 2018.
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S 4l 44 3
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Fig. 17: [-V and P-V curves for Conc-A, L3, 12:00 noon, 19 October 2018.

Table 1: Ratio of power generated by back panel to that generated by top panel at different levels and times

PV panel position Concentrator 8:00 a.m. 10:00 a.m. 12:00 (noon)
(Ppm)back L1 A 25% 32% 52%
(Fpmtep B 22% 33% 46%
L2 A 32% 46% 57%
B 25% 27% 24%
L3 A 44% 58% 68%
B 35% 32% 61%
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the values of the ratio for both concentrators. This shows that, at
around noon, more radiation from the top panel is reflected to the
back panel, and hence the ratio increases with time.

The values for afternoon times are similar to the corres-
ponding times before noon. It can be seen that the value of this
ratio is higher for Conc-A for all levels of panels inside the con-
centrators.

When the total power collected by the two concentrators for
all three levels is compared (Fig. 18), the results clearly show that
the best location for the PV receiving panels is the lowest level
inside the concentrator (L1).

Using the following equation [46], the electrical efficiency of the
two concentrators was calculated for the three levels at solar noon:

Pr

el = G A, ©)
where P, is the total output power of the concentrator, G is the
radiation density on the surface of the concentrator and A, is
the aperture area. The calculated electrical efficiency of the
three configurations is shown in Table 2. Clearly the efficiency at
around noon is higher than that at other times of the day, and the
L1 arrangement has the highest electrical efficiency, followed by
the L2 and L3 arrangements.

4 Conclusion

This paper proposes two LCPV concentrators, each of which
consists of two components. The bottom component (common

20
18 === Concentrator A -
=== Concentrator B
16 |- === No concentration -
14
E 12
3 10
s 8
6
4
2
0
L1 L2 L3
Bottom Middle Top

PV panels position

Fig. 18: Amount of power generated by front and rear modules in each
arrangement.

to both concentrators) is composed of two adjacent parabolas,
whereas the side component (wall) may be either flat or parab-
oloid (Fig. 6). Using Ray Optics Simulation Software, the concen-
trators are designed to reflect solar radiation towards a bifacial
solar PV panel that accepts radiation from both sides. The theor-
etical geometrical CR and the effective CR were, respectively, 3.83
and 3.23. The two concentrators are examined in open air, leading
to the following conclusions:

(i) Throughout the day, the electrical efficiency of the con-

centrators fluctuated between 8.3% and 18.2%.

(ii) Conc-A with flat reflecting walls exceeded Conc-B with
paraboloid reflecting walls (with corresponding average
C,; values of 1.98 and 1.81).

(iii) At midday, the maximum value for C . was measured to
be ~3.1, which was close to its theoretical value of 3.23.

(iv) The optimal placement of the receiver within both con-
centrators was determined to be at the lowest level, L1,
and the worst was at the third highest level, L3 (Fig. 7).

As a continuation of the current work, it is suggested that
additional research be conducted to investigate the effects
of optical flux distributions on concentrator efficiency and to
develop a method for predicting solar cell temperature and
determining the impact of temperature on solar cell perform-
ance.

Nomenclature

A aperture area of the concentrator
A receiver area

Cy effective concentration ratio

Cg geometric concentration ratio

C optical concentration ratio

FF: fill factor

G: radiation density on the aperture of the concentrator
(P, Output power of panel in the bottom
(P,.),,; output power of panel in top

P total power

R: reflectance of the reflectors

a incident angle

o: acceptance angle

Ny electrical efficiency

Table 2: Electrical efficiency of concentrators throughout the day for each arrangement

Time Electrical efficiency

Concentrator A Concentrator B

L1 L2 L3 L1 L2 L3
8:00 16.1% 14.8% 15.1% 12.2% 12.1% 11.5%
9:00 17.4% 15.4% 15.0% 13.7% 12.3% 9.9%
10:00 17.9% 16.1% 16.0% 14.4% 11.3% 9.3%
11:00 17.8% 16.8% 14.4% 12.5% 12.6% 10.2%
12:00 18.2% 17.6% 14.1% 11.6% 11.8% 11.4%
13:00 16.8% 17.1% 12.5% 12.0% 10.8% 10.1%
14:00 15.8% 14.3% 11.8% 11.9% 9.0% 8.0%
15:00 14.4% 14.2% 11.3% 11.7% 8.7% 8.2%
16:00 11.2% 11.2% 8.7% 10.0% 8.5% 8.3%
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