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At favourable conditions, the average intensity of solar
power is about 0.8 KW/m2 at noon for a clear summer day in
Kuwait, Assuming a photovoltaic system total efficiency to
be 6%, the corresponding specific area required during this
favourable atmospheric conditions will be about 20 m2/KW;
which has to be increased considerably for the rest time
of the day and year, unless a tracking solar systen is used
to limit to some extent the increase of this specific solar
ared.

' In order to obtain a further cecrease of such a speci-
fic solar area, conical concentrators are suggested to be
used with the photovoltaic cells in addition to the trecking
solar system,

In this paper a comparison between the experimental
voltage-current characteristics of ane type of photovoltaic
cells with and without concentrators 1s presented; illust-
rating the design and shape of these concentrators when
used with photovcltaic cells as applied to a solar cooling
system in arid zones.

INTRODUCTION ¢

——— e Em——— -

In considering solar energy converters for electrical
and thermal energy supply to diffrent terrestrial applica-
tionw, concentration techniques appear advantageous. 80 m“
of line concentrator collectors were tested to cool demons-
tration solar house in Kuwait. Concentration supplied the
cooling system with higher working temperatures, than flat
plete collectors, leading to higher chiller coefficient of
performance, less collector area and chiller capacity. For
stand alone systems, electricity is also required to drive
the tracking motor and the diffrent pumps. Golar cells
can be used to generate electricity from solar energy but
the price is still very expensive. To achieve price redu-
ctions that can reach fraction of present day prices of
bare solar cell systems, photo voltailc concentrators are
considered,
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As the solar intensity 1s increased, the generated
current in the gsolar cell incresse proportionally. The
power losses dus to internal series resletance lncreases
at the suquare of the genereted current, Therefore it is
important to raduce theee internal series resistanceas for
concentrated solar energy conversion applications.

One of most important fectors to be coneidered in design-
ing a solar cell for use in concentratad sunlight 1is the
internal series resistance of the cell, Wolf and Rausch-
enbach{%) have shown that the serlies resistance is made
up of many components; the major contributors being bulk
semiconductor resistance, the resistance of the diffused
layer sheet, and the metal-to-semiconductor contact resis-
tance. For these applications, it would be normal to use
semiconductor material having low base resistivity, and
to use the best stete of the art contacting techniques.

No further immediate gains in these two areas could be
contemplated. ©On the other hand, there 1s some control
over the resisteance of the diffused layer sheet, which
can be decreased and adjusted to an optimum value by in-
creasing the depth of the diffused layer, and by placing
an array of metallic grid lines over the cell surface.
The optimum number of grid lines depends on the cell
geometry and the sunlight intensity in which the cell is
to be operated(Z2),

Another major consideration in the use of concantr-
ation methods in conjunction with solar cells is the haat
generated as a result of the absorbed light not converted
to useful electrical energy. As concentration ratios
increase, the absorbed energy slso increases, causing the
cell temperaturs to rise. This increase in temperature
rasults in a2 decrease in the cell conversion efficlency.
Forced-alr or water-cooling equipment could be used to
offset this temperature rise; however, such equipment is
costly, complicated, and would consume power, so there
still would be a loss factor to be considered. No addi-
tional power would be required for free convective cooling,
but in this case there would be a useful limit of concen-
tration ratio beyond which there would be no gain.

Considering the osbove fectors, a simple concentration
method was evaluated. This system, incorporating a conical-
reflector along with a round soler cell appears to be eco-
nomically advantageous,
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Theoretical Analysis:

In choosing the proper concentrator design for a
solar-cell system one must first decide whether a high
concentration ratio can be utilized or whether one is
restricted to low concentration ratios. If the system
is to be operated without any external cooling then the
concentration ratios are essentially limited to less than
five to mvoid reductions of cell performance due to cell
heating, Higher concentration ratios can be advantageous
only if external cooling is available or if some of the
generated power can be diverted for this purpose. This
study was restricted to low-concentration systems not
requiring any such external thermal sinks.,

An inexpensive and simple concentrator system was
desired so a flat-plate collector or a conical collector
were the logical choices for this elemental concentration
system. Because the conclal system had a wider range of
concentration ratio available, it was decided to investi-
gate this system further. One of the advantages of this
configuration was that a simple conical concentrator could
be easily and inexpensively manufactured from polished
sheet metal. Also this type system formed easily and the
design itself made a structurally stable shape not easily
damaged or distorted by adverse weather conditions, hand-
ling etc.

Although the concial concentretor system does not
provide uniform intensity throughout the coll area it
does have reasonablv gncd distribution of light over the
target area, so that localized hot spots are minimized,
Also inexpensive concentrators are not perfectly formed
thus causing distortions and essentially minimizing the
hot spots from the concentration that would be expected
from a perfect concial design. The flatplate concentrataor
would be bhetter because it can provide uniform intensity
over the complete cell area.

7o evaluate the conical design on a theoretical basis
a calculation was made of the concentration ratio that
would be obtained as the opening angle of the concial ref-
lector is varied. The angle of the cone and the length of
the side of the cone was adjusted on that light striking
the top uppermost portion of the concisal collector was
always impining upon the cell surface area. This elimin-
ated deuble reflections and restricted the length of the
concentrator to a finite value. The diagram of the con-
centrator system is shown in Fig. (1), The theoretical
concentration ratio was detsrmined by calculating the cir-
cular area corresponding to the top of the cone, that is
the area intercepting sunlight, and dividing by the area
of the target or cell surface. A round solar cell of 4.5
cm diameter was used in this study.
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Assuming a mirror sun light reflection and consider-
ing the case where the sun light is perpendicular to the
photovoltaic cell surface es shown in Fig. 1, the length
"L* of the conical concentrator.side will vary as a func-
tion of the cone angle @ according to equation (1):

L =2 (D tan (90° - @)) cos @/2 cees (1)

where D is the diameter of the photovoltaic cell.

Table 1 gives the values of L against ¥ for D = 4.5cm.
This relation is shown in Fig.(l) curve labeled *"L* together
with the corresponding concentration retios R} & R, assuming
1009 & 50% reflection factors for the concentrator respec-
tively.

Table 1

ge 20° 30° 40° 50°

L em, 24,34 15.04 10,07 6.844

Using a 100 percent reflection factor from the con-
centrator surfaca one obtains the uppermost curve of Fig.
(1) labeled R. By using a 50 percent reflection factor
the lower curve is obtained. Starting at an angle of 90
deg the light reflected from the reflector does not strike
the cell and a concentration ratio of 1 would be obtained.

Small concentrations ratios can be obtained with very
short conical reflectors. As the maximum limit of 9 1is
approached the length increases rapidly. For practical
systems concentration ratios above 6 or 7 would be unduly
long. For this study it was decided to choose a cone
angle of about 45 deg. Thus giving the possibility of a
concentration ratio of about 5 with 1l00~percent reflecti-
vity or about 3 with a 50~ percent reflectivity. It was
expected that a reflectivity of 50-percent would be econo-
mically feasible and would give sufficient information on
the heating effect and equilibrium temperature obtainable
from this type of concentrator. From a cost standpoint
the concentration ratio of 3 would give the equivalent of
the output of three solar cells for the cost of one cell
plus the concentrator. A model concentrator systsm using
this design was built and the performence evaluated.

Exporimental Work & Results:

For the solar intensity range in Kuwait, the optimum
grid spacing for use in concentrated sunlight from a coni-
cal reflector with a concentration ratio of three to five



Mansoura Bulletin, Vol. 10, No,l, Junc 1985. Fel8

was theoretically shown in previous investigations to be
about 0,2 c¢m for P+/N type cells.{3) Polyvariable experi-
ments verified that this grid spscing provided optimum
performance at solar intensities of abeut 300 mw/cm<

(3, 4). For the solar intensity range in Kuwait that the
typical space-type silicon cell junction depth of about
0.5 micron, resulted in a cell spectral response that was
also well optimized for use in a solar spectrum on the
earth®s surface,

With the use of a comb-like grid pattern, cells of
almost any geometrical shape can be designed for low seri-
es resistance and optimum performance at higher than normal
intensities. Because the single crystalline silicon ingots
from which solar cells are made are circular in cross -
section, it is more costly because of the cutting wastes and
poor utilization, to cut these ingots into rectangular sha-
pes. Therefore, to obtain a more economical cell design,

a round cell {determined by the diameter of the silicon
ingot) with the optimum grid configuration was utilized in
this study. A 4,5-cm diameter round c2:1ll and comb grid
configuration wiere used.

Several concial metal concentrators were rade from
thin slightly polished stainless steel sheets. To achi-
eve an inexpensive concentrator polished aluminum or a
formed plastic cone wiith an aluminized surface would pro-
bably be a bettor choice of material where large numbers
of concentrators are required. These concentrators were
made with the opening angle being 45 deg, which, according
to Fig.{1l), would result in a concentration ratio ot about
3 with a 50 percent reflectance factor. The opening at
the bottom of the cone was made 4.5 cm in diameter, the
same as the cell diamecter, and the length of the concen-
trator was made 6.9 cm long in accordance with the value
in Fig.{l}. The solar cell was a P+/N type cell designed
to operate with little or no loss in efficiency at concen-
tration ratios of about 3 to 1. This was accomplished by
decreasing the spacing between grid lines to 1.5 mm com-
pared to normal spacing 4.0 mm fer cells operating at one
sun illumination.

Since this concentrator system was expected to operate
with no additional cooling system other than free convec-
tion, a test was made tu determine the equilibrium operat-
ing temperatures expected.

A thermocouple was attached to the solar strip cont-
act on top of the solar cell and the equilibrium temper-
atures were measured. 0On a day without wind and with the
solar cell and concentrator shadowed, the cell temperature
and anbient temperature was 30 deg C. The temperature
increazsed to 50 deg C with about 98 mw per cm< of sun-
light on the cell without the concentrator. With the con-
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centrator in place and at a concentration ratio of 2.6,
the temperature increased to 65 deg C. On another day
with about a 15 mph wind, the ambient was about 29 deg C,
the cell without concentrator reached 31 deg C, and with
concentrator reached 51 deg C.

_ The voltage output of a solar cell decreases with an
increase in temperature. This effect can be approximated
by shifting the voltage axis of the voltage current char-
acteristic curve by the temperature coefficient which for
the type of cell used here is 2.0 mv per deg C. In the
two cases mentioned this would result in a significant
but not a prohibitive power loss. Also the first case
would probably be about the most severe heating problem

most localities would experience as an average weather
conditions.

To further ~valuate this concentrator system the
voltuge current characteristic curve of a solar cell was
measured with ~nd without the concentrator. The results
were obtained in sunlight by measuring the generated cur-
rent and voltage while varying the load across the solar
cell terminals. The characteristics obtained are given
in Fig.{2). Curve A shows the generated X,V curve of the
cell as equilibrium temperature without any concentrator.
Curve B shows the I.V. curve immediately after placing
the concentrator in place and before the temperature
could change appreciably. Curve C shows the I.V curve
obtained with the concentrator and after attalning temp-
erature equilibDrium.

At maximum power the concentrator system generated
1.06 amps at 0,48 volt, or 0,508 watt., An intensity ratio
of about 2.6 was obtained, which resulted in an increase
in the power output from 196 mw to 508 mw at equilibrium
temperature conditions, or a power ratio of 2.6. DBecause
the power ratioc was equal to the ratio of the increase in
the sunlight intensity, there was no net loss duc to heat
build-up and the increased intensity, indicating that the
cells were well designed to operate efficiently at this
light intensity. This was further demonstrated by the
cell efficiency values of 10,9 percent without concentr-
ator and 10.8 percent with concentrator. The losses due
to heating were 26 mw as can be seen by comparing the
power output from curves B and C, but these losses weie
balanced by gains in efficiency at the increased intensity.
By connecting several concentrator systems such as this
togther in parallel or series, a modular power supply can
conveniently be put together on a simple supporting stru-
cture. Many modular systems could conveniently be mounted
on a tracking platform to build up a complete power system.
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Fffect of Oriantation:

Use of concentrators does require some sort of trach—
ing to obtain maximum performance. The effects of orien-
tation with respect to the sun was checked for this systam
and the data compared to bare cells wiFhout a concentrator
in Fig.(3). For a bare cell in uncollimated sunlight, and
with no effect made to avoid edge lighting, the short -
circuit current essentially follows a normal sine funct-
ion with respect to sunlight angle of incidence above an
angle of about 10 deg. The deviation at low angles was
due to sky background, scatter radiation and cell_edge
lighting, generating a small current. The‘cgl} with con-
centrator in place had a much greater sensitivity to angle
of incidence. The output fell off to a negligible output
at angles less than 45 deg. Again a back-qground of scatter
radiation maintained the cell output above zero. Also the
output of the concentrator system reached the sams output

as that of the bare cell at about 60 to ©5 deg angle of
incidence. Therefore, to realize maximum performance
using this concentrator system sun orientation tu within
about 10 deg of normal incidence would be necessary.

Solar Cell Spectral Response:

The spectral composition of a given irradiance is
impcrtant to photovoltaic measurements because the con-
version efficiency of photovoltaic materials is strongly
dependent on the wave length of the irradiance. Fig.(4)
illustrate the relative spectral response of a silicon
solar cell together with two common solar irradiance spe-
ctrum. Photovoltaic spectral response curve is used to
quantify cell clectrical performance but does not provide
estimution of typical terrestrial sunlight performance
which is required when comparing the perfornance of devi-
ces with disceimilar spectral responses.

To meet this need an alternative approach is widely
used based on reporting photovoltaic output for a parti-
cular terrestrial sunlight reference and spectrum. With
this approach the spectral response of the device is
replaced by a single performance queotation of electrical
output for the reference irradiance conditions.

At present the most widely used reference condition
for terrestrial applications is atotal irradiance level of
100mw cm~2 and the Air iass 1.5 spectrum shown in Fig.(4}.

Implementation of this approach is due to practical
problems due to performance measurements are made under
simulated sunlight or outdoor sun light conditions which

differ in level and spectral content from the reference
conditions,
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Solar Concentrating Tracking Thermal System;

Electricity generated from the conical concentrating
photgvoltaic system was used to drive the micro motor of
80 m< array of cylindricel parabtolic line concentrating
(C.R, 8:1) system to heat water to supply an absorption
chiller with the required thermal enerqy to produce cool-
ing effect for solar house in Kuwait.':.®

The array has 160 parabolic troughs mounted on a
northsouth orientation at an angle 15° from the horizontal.
The tracking system allows the trough to be oriented from
east to west according to actual sun position. The absor-
ber tube is 8 mm tube and is covered with black chrom
selective coating (oA = 0.95, ¢ = 0.15) solar radiation
(direct) is reflected by the paraebolic trough onto the
copper tube of each trough Fig.(5).

Ferformance Analysis of the Line Concentrating Collectors:

As the collectors are of the concentrating type, they
make use only of the direct radietion part of sclar insol-
ation, shows the efficiency of the collector system, ¢
Analysing the energy flow chert, we deduce the estimation
for energy loss via glass surface area (10}, wmirror sur-
face area {(13,), reflection (7%) and both convection radi-
ation (13%), and this gives an everage utilisable energy
of about {55%) for a radiation intensity of 0.8 Kw/m<.
Ficure 6 shows the collectors, eneray flow chart and their
efficiency with respect to radiation intensity and time of
day.

CONCLUSION

By using a simple conical solar-concentrator system
to obtain about three times the output from each solar
cell, costs of solar cell power systems can be reduced by
more than a factor of five.

A concentrator system has been described that will
operate at a reasonably low temperature without any auxi-
liary coooling ecquipment. The solar cells were designed
so that the slightly elevated temperature and at the in-
creased sunlight intensity, there was no decrease in
efficiency. Therefore the net power output from the
system was incrcased by a factor of alout three over that
expccted from an unconcentrated solar cell system.
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