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Abstract: Static solar devices have advantages over solar tracking systems. In pure reflective systems,
solar reception is limited by the entry angle of the reflector. Many reflective systems are based on
mirror Compound Parabolic Concentrators. The solar collection can be improved by placing a lens on
top of the reflector. In this work, a static system is proposed, consisting of a mirror funnel concentrator
with a prism on top. The system is designed using ray-tracing software and is subsequently built and
experimentally evaluated. The system designed for an effective concentration factor of 4x reaches an
effective concentration of 3.2 x at 11:30 a.m. and has an acceptance angle of 60°. Considering the time
interval from 8 a.m. to 4 p.m., the system harvests 30.7% more energy than the flat surface. If the time
interval considered is from 9:30 a.m. to 2:30 p.m., the increase in harvest is ~77%. The incorporation
of the prism represents an increase of ~6% compared to the bare reflective system.

Keywords: solar concentrator; refractive-reflective system; collected energy; solar energy

1. Introduction

Solar static systems are cheaper than solar tracker systems. Even designing solar
collection devices with larger acceptance angles for less accurate solar trackers is seen as a
cost reduction [1]. Static concentration systems, having a low concentration ratio, can be
used with common commercial silicon cells, so-called “one sun” cells [2,3]. Coello et al.
observed an increase in PV generation with common solar cells up to a concentration ratio
of 15x. Another study, choosing PV cells randomly in the market, shows that in some cases
this benefit is limited to 3 x [4]. The combination of static concentrators and common PV
cells can reduce costs in photovoltaic applications.

Many of the solar concentrators presented in the literature use mirrors or reflecting
surfaces [5—13]. Others make use of total internal reflection in the walls of solid dielectric
materials, or a combination of both [1,6,9]. Many of the systems use Compound Parabolic
Concentrators (CPC), either as mirrors or as solid dielectric concentrators. CPCs only
collect energy at angles of incidence smaller than the half acceptance angle [11]. In a recent
study, it was observed that other geometries, like the funnel, can have a better energy
collection [14]. There is another group of systems, that combine a lens (or prism) on top
of the reflective concentrating device [1,10,12,13,15]. The use of combined systems allows
the improvement of certain aspects, such as increasing the optical efficiency, increasing the
time of collection of solar energy and maintaining the temperature above certain values.
Su et al. remarks on the importance of reducing the amount of dielectric material in the
concentrating devices [6].
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A direct comparison between systems is difficult since there are linear [1,12] and axial
systems [6,9,13,15]. Some systems include only numerical simulations [1], whereas other
systems include also experimental evaluations of certain aspects [5-7,9,12,13,15].

In this work, the design, construction and experimental evaluation of a funnel refrac-
tive static solar concentration system with a prismatic lens on top is carried out. The inves-
tigation is divided into 3 sections, in the first, the concentration system is presented, in the
second the details of both theoretical and experimental evaluation are described and finally
the comparison of results is done.

2. System Details

The concentration system is composed of a reflective Funnel and a prismatic refractive
lens on top of it, as shown schematically in the cross-section of Figure 1. Only the inner
wall of the Funnel is reflective with a reflectivity of 96%, and a concentration factor of 4x.
This concentration factor is the Geometrical Concentration Ratio (GCR) calculated using
Equation (1). The receptor is placed at the bottom of the Funnel.

The funnel has a height of 75 mm, an inlet diameter of 75 mm and an outlet diam-
eter of 37.5 mm. So, the inlet opening area is 4417.86 mm? while the outlet opening is
1104.47 mm?.

The prism is a single piece of dielectric material (Polymethylmethacrylate PMMA).
The base is a cylinder 5 mm high and the top is a cone with an angle of 12°. The outer
diameter is 75 mm (see Figure 1). The dielectric material has a nominal refractive index of

n=149 [16].
__ aperture area
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Figure 1. Cross section of the concentration system composed by the reflective Funnel and the

refractive Prism (Dimensions in mm).

3. Evaluation Details
3.1. Ray-Tracing Evaluations

For the ray-tracing evaluation, OptiCAD [17] was used. For the sun, an irradiance of
1000 W/m? was considered for normal incidence (zenith). The simulations were carried out
under the following considerations: The system is placed in the Equator, with the receptor
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horizontally, in the Equinox; the sun varies its apparent position from 8:00 a.m. to 4:00 p.m.;
the simulations are made at 30 min intervals; the sun rays have a divergence of 0.53° and
all have the same energy.

The prism is simulated with a refractive material with a refractive index of 1.49,
but without surface reflectivity. The receiver is a circular absorbing plate with 0% reflectivity
and 100% absorbance, placed 3 mm below the system, as shown in Figure 2. This position
of the absorber was chosen to adequately represent the experimental conditions that are
used in the laboratory prototype for evaluation.

Figure 2 shows the typical path of rays falling on the system for an angle of incidence
of 22.5°. In the absence of the prism, the rays that enter through the upper opening can
reach the receiver either directly (ray R1), or after one or several reflections (rays R2 and
R3). They can also be reflected out of the system, as is the case of ray R4. Ray R4 undergoes
several reflections but finally leaves the system through the upper opening (Figure 2a).
In the presence of the prism, the trajectory of the rays is more complex. In Figure 2b the
rays that fall on the central part of the prism will suffer a slight deviation and most of them
will reach the receiver either directly (ray R1’) or after one or more reflections (rays R2’, R3’
and R4’). The R4’ ray corresponds to the R4 ray of Figure 2a, which was reflected out the
system. As can be seen, at this angle of incidence, the prism helps rays such as R4’ reach
the receiver, thus increasing the solar harvest.
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Figure 2. Path of typical rays falling on the system: (a) bare funnel concentrator, (b) refractive-
reflective system, with an incidence angle of 6 = 22.5°.
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The beneficial effect of the prism is only for angles of incidence smaller than +37.5°.
For larger angles, the majority of the rays undergo multiple reflections and leave the concentrator.

Figure 3 shows the results of the simulations made for the funnel concentrator with
prism (Funnel-Prism SIM) and without prism (Funnel SIM), respectively. The collected
energy is the total energy flux that strikes the receiver at a given time of day, in units of
W /m?. For the bare funnel, the solar harvest before 9:00 a.m. is negligible. At 9:30 a.m.,
217.45 W/m? are harvested in the receiver. Later the harvest increases, until it reaches
a maximum of 3203.65 W/m? at solar noon, to decrease afterwards. The addition of the
prism to the funnel has very similar behaviour, however, there is a solar harvest already
at 8:30 a.m. (11.08 W/m?). While the harvest without the prism is higher in the interval
between 9:05 a.m. and 10:15 a.m., the prism allows a better solar harvest between 10:15 a.m.
and 11:30 a.m. The effect is more visible at 10:30 a.m. when the prism allows a 23% higher
harvest. However, at solar noon the prism produces a slight decrease in the harvest, of less
than 2%. In this way the total improvement of the addition of the prism is approximately
1% compared to the bare funnel, giving a total harvest 54% larger than for a flat plate.

goo) 4+—— b v o L Lo s b b L
—&— Funnel-prism SIM
3500 H| —— Funnel SIM

Sun

Collected energy (W/m?)
1
||||||||||||||||||||||||||||||||||||||||||||

6 8 10 12 14 16
Time (h)

—
[==]

Figure 3. Collected energy as obtained with ray-tracing simulations.

3.2. Experimental Evaluation

While optical ray-tracing evaluations are very reliable, they consider idealized surfaces
and optical properties. Sometimes these idealized conditions are difficult or very expensive
to reproduce in the lab or in the prototypes. The experimental evaluation of a prototype
developed without highly sophisticated tools can give us an idea of what, in general, can
be expected from the design.

The Funnel was manufactured with a reflective aluminium sheet of about 1 mm
thickness. A truncated cone-shaped wooden core was manufactured with the appropriate
diameters (75 mm and 37.5 mm, respectively). On this core, the aluminium sheet was
moulded. To keep the shape it was wound with wire and finally glued with epoxy glue.
Figure 4a shows an upper image of the funnel and the concentration pattern at normal
incidence. The manufactured shape is not perfect, particularly in the position of the joints
of the sheets.
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Figure 4. (a) Upper view of the funnel and concentration pattern, (b) Image of the prism and
concentration pattern.

The prism was cut from a 3" diameter PMMA cylinder. Subsequently, it was polished
using different grades of silicon carbide sandpaper, until a surface of sufficient optical
quality was obtained. The final polish was done with car headlight repair fluid. Figure 4b
shows the polished prism and the typical concentration pattern in the sun.

A lateral image of the system is shown in Figure 5. To minimize the deformation
that could be caused by the clamping of the system, a cylindrical support was developed,
on which the system was seated for evaluation (black in Figure 5).

For the measurements, a 100 W tungsten halogen lamp powered by a regulated voltage
supply of radiometric quality was used as the light source. The lamp bulb was placed at
the distance at which the dimensions of the filament produced a divergence of 0.53°. This
was done to emulate the ray divergence of the solar disk. To do the measurements for the
different hours of the day, the light source was placed at the corresponding height and
distance, as shown in Figure 6. The marks corresponding to each measurement can be seen
in the table.
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Figure 6. Experimental setup showing the lamp, the marks on the table, the system and XY position-
ing system together with the electronics.
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An XY displacement system was developed to obtain the intensity measurements
and the concentration patterns. The signal of the silicon photodiode is amplified using an
operational amplifier, and the position is controlled by stepper motors. A microcontroller
moves the diode to the desired position and stores the data in a non-volatile memory.
The XY displacement system is programmed to obtain the measurements in a matrix of
20 x 20 bins, which covers the entire area of the receiver.

First, the measurements in the absence of the concentration system were made, adjust-
ing the intensity of the light source so that it gave the equivalent of 1000 W/m? at solar
noon. Moving the light source to the different positions corresponding to the different
hours of the day, the data of the “Sun” curve of Figure 7 was obtained. Although it cannot
be seen very well in the graph, the data agree good with the cosine curve.
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Figure 7. Experimental data of the collected energy.

Next, the curves with the bare funnel (Funnel curve in Figure 7) and the complete
system (Funnel-Prism curve in Figure 7) were measured. For the Funnel curve (cyan
curve), the energy harvest before 9:00 a.m. is negligible. Energy harvest starts at 9:30 a.m.
(180 W/m?), and increases rapidly between 9:30 and 11:30 a.m. Harvest reaches a maximum
of 2953.27 W/m? at solar noon. The Funnel-prism curve (black curve), although hardly
seen in Figure 7, does not start at zero. Already at 8:00 a.m. 11.97 W/m? are harvested.
As in the previous case, the harvest increases rapidly between 9:30 and 11:30 a.m., reaching
a maximum of 3203.36 W/m? at 11:30 a.m. For this time of the day, the angle of incidence
is 7.5° and the harvest factor is 3.2 times the harvest without the device. In contrast to the
bare funnel, the energy harvest is slightly less at solar noon (2940.15 W /m?). This implies a
decrease of 8%, which contrasts with the value of less than 2% from the simulations.

As can be seen, the addition of the prism has the most noticeable effect increasing the
solar harvest between 10:30 a.m. and 1:30 p.m. The solar harvest between 8 a.m. and 4 p.m.
without the system is 6.85 kW /m?. The harvest in the same period with the bare funnel
concentrator is 8.6 kW/m?. This implies a 25.47% increase in harvest. The complete system
has a harvest of 8.96 kW/m? in the same period (30.7% larger than without the system).
If the time interval considered is only from 9:30 a.m. to 2:30 p.m., the improvement in the
harvest is 76.78%.
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4. Results

Figure 8 shows the comparison between the measurements and the simulations for the
complete system. The general trend of the two curves is similar. However, the experimental
curve is narrower than the simulation and the depression at solar noon is larger in the
measurement than in the simulation. Another difference is that the harvest at 10:30 a.m. in
the measurement is approximately 60% of the expected value according to the simulations.
This difference is attributable to manufacturing inaccuracies, mainly in the funnel.
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Figure 8. Comparison of experimental(Funnel-prism) and simulated data (Funnel-prism SIM) for the
complete system.

In compound parabolic concentrators (CPCs) the acceptance angle and the concentra-
tion ratio are linked. Su et al. [6] obtained a concentration ratio of 4x with an acceptance
angle of 29°. To have an acceptance angle comparative to ours of 47° they had to reduce
the concentration ratio to 2.5x. In our system, using the Funnel, a geometric concentration
ratio of 4x can be achieved with an acceptance angle of about 52°. Baig et al. [9] using a
refractive tridimensional solid dielectric CPC together with a reflective casing designed
the system for a concentration ratio of 3.6 x. This system obtained under the best experi-
mental conditions a power factor of 2.76. In contrast, our system reaches an experimental
concentration factor of 3.2 using much less dielectric material.

As mentioned before, the comparison with linear systems is difficult. Vu et al. [1]
designed a linear system with some elements similar to ours: a concentrating CPC with
a prism on top of it. The system is intended to reduce costs using less accurate solar
trackers instead of highly accurate ones. Different to ours, the CPC is a solid dielectric and
concentrates due to total internal reflection. The system is designed for a high concentration
ratio of 50x with an acceptance angle of 6°, thus making a direct comparison almost
impossible. Li et al. presented a linear concentrator with a curved PMMA Fresnel lens on
top [18] intended for air heating. The linear concentrator was an aluminium V-channel
with 0.92 reflectivity. A concentration factor of 2.5x was achieved, but with an acceptance
angle of only 19°. Our system has a higher concentration factor with more than twice the
acceptance angle. It also has the advantage of being a simple system, since it uses a prism
instead of a complicated curved Fresnel lens.

Coello et al. [3] describes only small variations of efficiency of a one-sun solar cell
when used with concentrations less than 15x. A solar cell with an efficiency of 14% at one
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sun shows the efficiency of 15% at 3 x. Taking this into account if used for photovoltaic
applications the electrical harvest at the best performance of our system would imply more
than three times the electrical production of the bare cell. Integrated over the whole day,
the benefit would be about 1.6 times the energy production of the bare cell, as our system
only collects sunlight for a little more than 4 h. All these considerations hold only if the
solar cell is kept at 25° and the illumination pattern is reasonably homogeneous, a topic
that requires further evaluation.

Figure 9 shows the optical efficiency of the system measured experimentally, at dif-
ferent times. For this evaluation, the light intensity at the entrance of the system and
the integral measurement of light at the receiver was measured. The maximum optical
efficiency is reached at 11:30 with a value of 69.36%. This value is slightly lower than that
reported by other authors for static concentration systems (Baig et al. [9]).

[=2]
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Optical efficiency (%)
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] [ ] ] = = [ ) =
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Figure 9. Experimental optical efficiency.

5. Conclusions

This work describes a double static concentrator, based on a refractive prism on top of
a funnel with internally reflective walls. The geometry of the pieces is relatively simple
and easy to manufacture. The best performance is achieved for acceptance angles between
—22.5° and +22.5°, for which the concentration factor is larger than 1x. An effective
concentration factor of 3.2 is reached at 11:30 h.

With the incorporation of the prism, the solar harvest of the funnel increases. The fun-
nel has an acceptance angle of ~ 52.5°, and with the addition of the prism, it increases to
~ 60°. The double system has a maximum experimental optical efficiency of 69.36%, which
could be increased by improving the manufacturing quality of the prism and the funnel.

Considering the time interval from 8 a.m. to 4 p.m., the system harvests 30.7% more
energy than the flat surface. If the time interval considered is from 9:30 a.m. to 2:30 p.m.,
the increase in harvest is ~77%. The incorporation of the prism represents an increase of
~6% compared to the bare reflective system.

As the receiver geometry is flat, the concentration system can be used for photovoltaic
or photo-thermal applications. Besides its simplicity, the system has the additional benefit
of using a little amount of refractive material.
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