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Abstract The light collection properties of PhoCUS C-Module photovoltaic concentration units have been investigated
by realizing a rugged “Mock-up” containing the primary refractive optics, a secondary optical element (SOE) and a
receiver. To independently investigate the sole collection efficiency of the optical unit, the receiver was realized by an
integrating sphere equipped with a photodetector, able to collect, with known efficiency, all the radiation reaching the
receiver area. To investigate the optical efficiency of the whole C-Module photovoltaic concentration unit, a concentration
silicon cell, previously tested in the PhoCUS C-Modules, was used as receiver. Two methods were applied for the optical
measurements, the conventional “direct” method using a parallel beam with solar divergence to irradiate the front side of
concentrator, and the “inverse” method using a lambertian source applied in place of the concentrating cell in order to

operate the concentrator in the reverse way.
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1. Introduction

The PhoCUS Project (Photovoltaic Concentrators to
Utility Scale) started in 2002 at ENEA laboratories in close
cooperation with national industrial operators, to develop a
low cost concentrator technology [1-3]. At that time, the high
efficiency c-Si solar cells technology seemed the most
suitable to be investigated mainly due to its robustness,
market availability and technical advantages associated with
its relatively low cost. The chose route map of the project
was to work with a concentration ratio of around 200 X,
based on a conventional frontal grid c-Si cell architecture.
The ENEA technology for large area two side contacted c-Si
solar cells was then improved in Portici Research Centre for
this application to achieve the required performance under
the expected concentration. Primary optics were
manufactured as PMMA refractive elements by injection
molding. A secondary optical element was included to
minimize the optical losses due to module assembly and
tracking inaccuracies. In this paper, the light collection
properties of PhoCUS C-Module concentration units are
investigated by realizing a rugged “Mock-up” containing
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the primary refractive optics, a secondary optical element
(SOE) and a receiver. The optical characterization was
carried out following two methods; the first is a traditional
method largely used in the photovoltaic laboratories, which
uses a parallel beam with solar divergence to irradiate the
front side of concentrator, from this the name “direct”
associated to this method. The second method [4] uses a
lambertian source applied to the exit aperture in place of the
concentrating cell in order to irradiate the concentrator in
the reverse way; from this the name “inverse” associated to
this method. More details about the difference between the
two methods, their advantages and disadvantages, will be
reported in a forthcoming section.

2. The “PhoCUS” CPV System

The standard solar PV system is assembled on a single
alt-azimuthal solar tracker with a 5 kW nominal power,
32 m” area, and is realized by 51 C-modules of 0.65 m” area
and 105 W power each (see Fig. 1).

The type of motion is tracking and pointing (closed loop);
the tracking speed is 15°/h; the pointing velocity is 3°/min;
the accuracy is + 0.2°; the trajectory correction is closed loop
and open loop in case of failure; the tracker operates up to a
wind velocity of 90 km/h.

The photo of the PhoCUS solar tracker during the
assembly process is shown in Fig. 2. The modules are
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interconnected in 3 parallel strings of 17 series connected
C-modules (17s-3p) and the power conditioning unit is
realized by an inverter for 4.6 kVA.

Figure 1. Standard solar PhoCUS CPV system (5 kW nominal power)
installed at ENEA-Portici Laboratories (Portici, NA, Italy)
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Figure 2. The PhoCUS solar tracker during the assembly process (ENEA -
Galileo Avionica - ATEC Robotics collaboration). The tracking plan is of
32m?

The pilot plant, of 25 kW nominal power, is realized by 5
standard units, with distributed electrical scheme (ring at low
voltage); the geometric scheme is symmetric square; the
filling factor of ground is GER 0.15-0.25 and the shadowing
loss is <3%. The location of the pilot plant is at Area
Sperimentale di Monte Aquilone, Manfredonia (FG), South
Italy. The pointing precision of the “PhoCUS” solar tracker
is reported in Table 1.

Table 1. Pointing precision of the “PhoCUS” solar tracker
Wind velocity (km/h) Angular precision (°)
V <40 +0.2
40 <V <60 <+0.3
60 <V <90 <07
>90 Stove position

Further improvements have been pursued to realize a
lower cost solar tracker. Fig. 3 shows the new low-cost solar
tracker installed at the site of ENEA-Manfredonia.

The new solar tracker has the following properties: 1)
plane realized with box beams instead of welded lattice
beams; ii) area of the heliostat of 35 m?; iii) replacement of
planetary gearboxes with chain drive; iv) maximum
precision of + 0.4° at wind velocity < 40 km/h; v) dedicated
electronic control, developed by ENEA. ENEA has
developed laboratories for the characterization and
qualification of the components used on the CPV systems [5].
Fig. 4 shows, as an example, one of these laboratories in
operation at Manfredonia site.

Figure 3. The new PhoCUS CPV system realized with the low-cost solar
tracker, installed at ENEA-Manfredonia Laboratories

Figure 4. Laboratory for the test of small and medium size inverters in the
site of ENEA-Manfredonia Laboratories

For the realization of the first PhoCUS C-Module
prototype, Sun Power commercial back contact, high
efficiency, FZ monocrystalline HECO252 silicon solar cells
were selected (see Fig. 5a); with an active area of 11 x 11
mm?’ these cells are optimised for concentration ratios from
100 to 400 suns (10 W/cm® to 40 W/cm?) and for AM1.5D
spectrum.

The conversion efficiency at AM1.5D and 25°C is 25% at
100 suns (P = 3W) and 23.5% at 250 suns (P = 7.1W). The
cell is assembled on a AIN substrate and is provided on top
with a thin glass sheet doped with 5% Cerium.

The first c-Si solar cells realized in our laboratory showed
efficiencies of about 20.0% at 1 sun and 22.0% in the 20-40
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suns range (see Fig. 5b). The efficiency remains higher than
20.0% up to 100 sun [6]. Further improvements were then
achieved for the c-Si solar cell technology realizing a new
grid (see Fig. 6), a new ARC and dimensions optimized for
the different concentration levels were adopted. The new cell
of 0.64 cm” area showed an efficiency > 22% at 100 suns,
whereas the new cell of 1.21 cm? area showed an efficiency >
20% at 200 suns (see Fig. 7).

Figure 5. a) The HECO252 SunPower Corporation (USA) back-contact
high efficiency silicon solar cell used for the first tests of the “PhoCUS”
CPV system. b) The ENEA high-efficiency c-Si solar cell with linear grid

a) b)

Figure 6. a) The square-grid pattern adopted for the new c-Si solar cell. b)
The new square-grid c-Si solar cell
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Figure 7. Conversion efficiency curves of the innovative c-Si solar cells
developed at ENEA

3. Experimental

The PhoCUS C-module (see Fig. 8) has been realized by
the following main components: i) plastic housing; ii) front
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window consisting of the optical parquet; iii) a secondary
optics element (SOE); iv) the solar cells; v) heat sinks for
passive cooling of solar cells. Its properties are: dimension of
1 x 0.68m?, 24 (6x4) series connected solar cells, Voc = 19V,
Isc=6.6A, Ppeak=103W. The 200X geometric concentration
level has been realized by means of plastic refractive optics,
in collaboration with Borromini Srl.

These optics have been assembled as an array of 24 (6x4)
lenses. Two main long term targets, in terms of efficiency
and economical aspects, were set. The strategy involved the
use of plastic structured optics for concentrating solar beams
on the PV receiver of the system, instead of more traditional
materials like glass and quartz.

Figure 8. Photo of the PhoCUS C-Module, realized by a joint venture
ENEA — EniTecnologie

The injection molding technology was preferred for its
large throughput and the very low unit cost and PMMA
(polymethylmethacrylate) was selected for its superior
performance to UV aging. Two types of lenses were used
(see Figs. 9 and 10). The first is a “prismatic” lens made of an
array of square refractive prisms (see Figs. 9a and 10a): the
prism area was 7.8x7.8 mm’ in the central region, and
3,9x3,9 mm? in the periphery [7]. In a second stage another
optical device named ‘“hybrid” lens was realized by
removing the small peripheral prisms and replacing them by
Fresnel grooves (see Figs. 9b and 10b) [8].

AT

a) b)
Figure 9. Prismatic (a) and the hybrid (b) lens optical models

An optical efficiency of 80% was measured for the

prismatic lens and 82% for the hybrid lens, in both cases
without the use of an ARC coating. The prismatic lens
produces an irradiance map rather uniform for a large portion
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of the cell, but also undesired optical losses at the small
peripheral prisms mainly due to scattering at the rounded
edges and grooves. These drawbacks were removed by the
design of the second “hybrid” lens. The lens area is, in both
cases, of 243 cm?” (15.6x15.6 cm).

Figure 10. Photos of the prismatic (a) and the hybrid (b) lens
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Figure 11. Schematic (a) and photo (b) of the Mock-up assembly
comprising the primary lens, the secondary optics (SOE) and the solar cell

Figure 12. The secondary optics element (SOE) (a, b) and its view when
assembled in the plastic housing of the C-Module (c, d)

The C-Module concentration unit has been studied by
indoor measurements performed on a rugged “Mock-up”
realized as depicted in Fig. 11. The SOE used for the
PhoCUS C-module (see Fig. 12) has the shape of a truncated
inverted pyramid with tilt angle of 63° [9, 10]. This value
assures the better optical condition in terms of solar light
collection for tracking angle inaccuracy (misalignments) of
+1°. The down slit opening is positioned on the upper face of

15

the cell. The SOE used in the Mock-up was made of a
transparent polycarbonate substrate coated by a first layer of
evaporated aluminium of 2um thickness covered by a
reflecting polymeric film (VM2002 Radiant Mirror Film of
3M). This combination of materials assures a >95%

reflectivity in the spectral range of the Silicon cell (see Fig.
13).
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Figure 13. Optical properties of the 3M VM2002 polimeric film (the azur
curve corresponds to the specular reflectance)

4. Characterization Methods
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Figure 14. Basic scheme of the “direct” method

The light collection properties of the C-Module
concentrating unit were studied in two ways: by the
conventional “direct” method and by the “inverse” method
[4, 11-23]. In the “direct” method (see the basic scheme in
Fig. 14) a parallel beam, simulating the direct component of
solar light, is used to irradiate the solar concentrator (sc)
oriented at different angles in order to obtain the optical
efficiency resolved in angle (optical transmission curve).
The optical efficiency of concentrator is obtained by
measures of the input flux @,,(6,9) and of the output flux

D, (6,9), functions of the polar and azimuthal angles of
the collimated input beam:

_ ¢out (93 (0)

(0.0) =
ndtr( €0) @in (9’ ¢)

=14 (0) 115 (0.0) (1)
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The typical experimental set-up of the direct method is
schematically reported in Fig. 15a. The lamp (ls) irradiates
the integrating sphere (is1) which acts as a lambertian source
at its exit aperture. The light emerging from the sphere is
collected by the parabolic mirror (pml), placed slightly
off-axis and at a distance from the sphere equal to its focal
length f.

The mirror (pml) produces a quasi-parallel beam whose
angular divergence can be controlled by varying the diameter
of the exit window of sphere. The parallel beam is finally
used to irradiate the Mock-up. The light at the exit aperture
of concentrator (sc) is collected by the second sphere (is2)

Optical Characterization of “PhoCUS” Refractive Photovoltaic Concentrators

(see also Fig. 15b) and its flux measured through
photodetector (pd); in alternative, it can be directly collected
by the SunPower cell and the flux measured by its
photocurrent.

Fig. 15 shows only the measure of the output flux; to
measure the input flux, it is necessary to change the
experimental configuration. The concentrator must be
removed and the parallel beam directed to a second parabolic
mirror, which concentrates the light directly into the second
sphere (is2) thereby measuring the input flux, apart a small
optical loss, known, due to reflectance of the mirror [21].
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Figure 15. Experimental set-up of the “direct” method applied to the PhoCUS concentrator (a); in (b) it is shown the photo of the receiver station (top) and

the square shaped image of the focus produced by the prismatic lens (bottom)
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Figure 16. Experimental set-up of the “inverse” method applied to the PhoCUS concentrator



International Journal of Optics and Applications 2014, 4(4A): 12-24 17

In this way we are able to use two types of receivers in the
“direct” method: an integrating sphere or a solar cell. When
we match the Mock-up to the integrating sphere provided
with a photodetector inside, due to its ideal collecting
properties, we are able to measure the light incident on the
receiver without losses for reflection at the solar cell surface;
we investigate in this way the optical properties of the

concentrating unit alone, excluding the photovoltaic receiver.

In contrast, by replacing the integrating sphere with the solar
cell and by measuring its photocurrent, we investigate the
collection properties of the whole, real concentrating unit.
By comparing the two measurements, we are finally able to
know the optical loss introduced by the solar cell by
reflection or scattering of light. The lambertian source of Fig.
15a can be also realized by a white LED source, which shows
good lambertian properties in the limited solid angle
intercepted by (pm1) mirror.

L, (6, 9)

Figure 17. Basic scheme of the “inverse” method

The basic scheme of “inverse” method is shown in Fig. 17.
The solar concentrator (sc) is irradiated in a reverse way by a
lambertian source of radiance L;,,, then it emits light in the
reverse direction, with radiance L,,,(6,9) . The inverse

method consists in measuring this radiance, because it is
related to the optical efficiency of the concentrator. The
complete experimental set-up of inverse method is
schematically shown in Fig. 16. The integrating sphere (is) is
irradiated by the light source (Is) and a lambertian light is
produced at the output window (oa) which irradiates the
concentrator in the inverse mode. The light is then projected
outside the concentrator towards a far planar screen (ps). Fig.
18 shows the input aperture of the PhoCUS concentrator as it
appears in the dark when irradiated in the inverse way, and
the corresponding image produced on the planar screen. In
Fig. 18b some black dots are visible on the light image,
which are used to calibrate the distances from the points on
the screen, and then to obtain the angle 6 to assign to each
point P (see also Figs. 17 and 19). The intensity of light on
the screen (irradiance) is measured by the CCD, elaborated at
a computer and finally transformed in the inverse radiance

L, (0,p) . The angular distribution of L;,, (6,9) is
obtained by normalizing it at the 0° value. The normalized,
or relative, radiance is indicated as Llrsé (6,p) and

corresponds to the normalized, or relative, efficiency
rel

N4 (0, 90) obtained with the direct method [4, 13, 14, 17,
19].

b)

Figure 18. In (a) the input aperture of the PhoCUS concentrator as it
appears in the dark when irradiated in the inverse way; in (b) it is shown the
corresponding image produced on the planar screen

The steps to find the normalized radiance are described
below. First of all, the application of the inverse method
requires that the following conditions be fulfilled: 1) the
screen (ps) must be placed as far as possible from the
concentrator; ii) it must be an ideal (or quasi-ideal)
lambertian diffuser, which means that its total reflectance
does not depend on the angle of incidence of the beam, and
that light is diffused at constant radiance; iii) the CCD must
be aligned along the optical axis of concentrator, otherwise a
complex procedure must be adopted to correct the
perspective [24]. Point i) requires that the screen (ps) be kept
at a distance d >> D, diameter of the input aperture. In case of
a concentrator with non circular aperture, L can be

substituted by 4/4,, , with 4,, area of the input aperture.

The angular resolution of the intensity on the screen, in fact,
increases at increasing the distance of the screen from the
concentrator as it is illustrated in Fig. 19, and is equal to:

~Lcos26? L

Af r—
2d 2d

2

psS

Figure 19. The angular resolution 46 on the point P of the screen
improves increasing the distance of the screen from the concentrator

If the above conditions are fulfilled, the CCD image can
be elaborated in the following way. The light intensity

profile of the CCD image, {.cp(6,9), is first normalized
to the &= 0° value, obtaining [ E%D (6,¢), where 0 is the
polar angle and ¢ the azimuthal angle of light emission; the

intensity IéeClD(H,(p) is then multiplied by the factor

(cos 0)® to obtain the normalized radiance Lfsi 0,90).
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A different elaboration applies when simulation programs
are used to calculate the normalized radiance; in this case, in
fact, the screen is made of an ideal absorber and the
normalized radiance is obtained from the normalized
irradiance on the screen by multiplication by the factor
(cos O)*. The details of this calculation procedure are
reported in Appendix.

As the final step, the (adimensional) normalized inverse

radiance Lf,fé (0,9) of the concentrator operating in the
reverse way, is set equal to the (adimensional) relative

optical efficiency 7 :,,e,l (6, 9) , measured when applying the
direct method (see Figs. 14, 15).

The inverse method allows to measure in a simple way
also the absolute on-axis (0° incidence) optical efficiency of
the Mock-up, 774,(0). Whereas this measure requires the
use of a second parabolic mirror with the direct method, as it
has been already discussed [21], the inverse method gives the

same result in a direct and easy way (see Fig. 20 and the
theory in ref. [14])
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Figure 20. Basic scheme of the experimental set-up to use for determining
the on-axis optical efficiency of the solar concentrator (sc). The CCD
camera is oriented towards the concentrator irradiated in inverse mode, and
the image of the input aperture is recorded

It is sufficient, in fact, to orient the CCD towards the
concentrator, aligned with the optical axis, and to take two
images: one of the full input aperture with the lens, and the
other of the output aperture after removing the lens. In the
first image it is taken the mean radiance of the lens, ZC 0);
in the second image it is taken the mean radiance of the
sphere cavity Lg, corresponding to the lambertian source.
The ratio between these two quantities gives the absolute
on-axis optical efficiency of concentrator 77,5;,.(0) and, from
Eq. (1), the absolute angle-resolved optical efficiency:

Lc(0)

- (0) =
ndzr( ) LS

G)

5. Results

5.1. Optical Simulations

The focalization properties of the two lenses (prismatic
and hybrid) without SOE were simulated by TracePro with
100k rays. Fig. 21 shows the images produced at the focal
distance of the two lenses. Only the prismatic lens gives a
uniform distribution of flux on the focal plane. To obtain a
good flux distribution with both lenses the distance
lens-receiver was fixed at a constant value of 23 cm, greater
than the focal length.
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Figure 21. Image of the focused beam at the focal distance of the prismatic

(a) and hybrid (b) lens, taken with an incident beam parallel to the optical
axis

The simulations of the inverse method required 2M rays
and were carried out at a concentrator-screen distance of 3.8
m, the same used in the experimental measurements. Fig. 22
compares the “relative” optical efficiency of the two lenses,
obtained by applying the direct and inverse methods. The
curves refer to an azimuthal angle of 0° or 90°, that is to an
incidence plane of a direct beam parallel to one side of the
square lenses.

First of all we observe that the curves of Fig. 22 are typical
of an “imaging” concentrator, with a monotonic decrease of
efficiency, in contrast to ‘“nonimaging” concentrators,
characterized by a plateau followed by a rapid decrease in
correspondence of the acceptance angle (angle at 50% of
maximum efficiency. The acceptance angle is 1.5+2.0° at
50% relative efficiency and ~0.5° at 90% relative efficiency.
We observe also that i) the two lenses have similar curves for
the same method; ii) each method gives similar curves for the
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two lenses. The inverse curves gives a slightly larger
acceptance angle due to the non-zero angular resolution, as
from Eq. (2). In the actual case, with d =380 cmand L =15.6
cm, we have A& of the order of 1.2°. The noise in the
inverse curves is due to the limited number of rays used in
the simulations. The inverse method has been also applied to
simulate the concentrator with the SOE and the relative
efficiency curves for the two lenses are shown in Fig. 23.
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Angle 8(°)
Figure 22. “Relative” optical efficiency of the prismatic and hybrid lenses

obtained by applying the direct and the inverse methods

The effect of SOE is to increase the acceptance angle (now
of ~2.4° at 50% relative efficiency and ~1° at 90% relative
efficiency) for both lenses, as expected, and to equalize the
two curves.

The chromatic aberration introduced by the prismatic lens
has been studied by simulating, with direct method, the
image produced on the receiver by blue light (1 = 450 nm)
and red light (1 = 650 nm). The results are visible in Fig. 24.
Being the receiver behind the focal plane, the short
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wavelengths are more expanded on the receiver surface.

A summary of the acceptance angles measured by
simulations on the two lenses is reported in Tab. 1. The
acceptance angles are distinguished between those measured
at 50% efficiency and those measured at 90% of 0°
efficiency.
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Figure 23. Optical efficiency of the lenses (prismatic and hybrid) obtained
by applying the inverse method

Table 1. Summary of simulated acceptance angles
Lens Prismatic Hybrid
Met.
SOE 50% 90% 50% 90%
No 1.4 0.5 1.5 0.4
Dir.
Yes - - - -
No 1.7 0.6 1.9 0.5
Inv.
Yes 2.4 1.1 2.4 1.1
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Figure 24. Images of the flux on the receiver plane, at 23 cm from the lens, due to 4 =450nm light (a) and A = 650nm light (b)
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5.2. Experimental Measurements

The results of the experimental direct method applied to
the prismatic lens without SOE, having an integrating sphere
or a solar cell as receiver, are shown in Fig. 25, compared to
the simulated results.
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Figure 25. Comparison between the experimental and simulated direct
efficiency curves of the prismatic lens without SOE

Fig. 25 shows that coupling the concentrator to the
integrating sphere gives the optical properties of the
concentrator alone, as obtained by simulations, confirming
that the integrating sphere behaves as an ideal receiver. The
use of the solar cell, on the contrary, gives a thinner curve,
showing that the solar cell is not able to collect with the same
efficiency all the incident light, particularly that incident at
input at higher angles. The knowledge of difference between
the sphere and the cell curve is important to establish how
much the cell could be optimized to improve its light
collection. Similar results were obtained with the hybrid lens,
as shown in Fig. 26.
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Figure 26. Experimental direct efficiency curves of the hybrid lens

without SOE, obtained by using a sphere or a solar cell as receiver

The results of the experimental direct method applied to
both lenses in presence of the secondary element SOE,
having the integrating sphere or the solar cell as receiver, are
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shown in Fig. 27. We note now that the prismatic lens + SOE
system and the hybrid lens + SOE system have a very similar
behaviour; the efficiency curves for the two lenses in fact
coincide when the same receiver is used. These results,
which were anticipated by the simulations with the inverse
method (see Fig. 23), show that the presence of SOE
removes the differences in behaviour between the two
lenses.
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Figure 27. Experimental efficiency curves of the two lenses obtained with
the direct method adding the secondary SOE to the concentrator

The adding of SOE to the concentrator has the effect to
increase the optical efficiency particularly at high angles,
that is to increase the acceptance angle at 50% efficiency;
being negligible the increase of acceptance angle at 90%
efficiency.

A summary of the experimental acceptance angles,
measured with the direct method on the two lenses in
presence or absence of SOE and distinguished between those
measured at 50% efficiency and those measured at 90% of 0°
efficiency, are reported in Tab. 2.

Table 2. Summary of experimental acceptance angles obtained with the
direct method

Lens Prismatic Hybrid
SOE No Yes No Yes
50% 1.3 1.6 1.2 1.6
Cell
90% 0.5 0.6 0.5 0,6
50% 1.4 2.0 1.4 2.0
Sph.
90% 0.7 0.7 0.7 0.8

The experimental error has been calculated with the
propagation method and is equal to +0,1° for all the reported
angles. We now discuss the experimental results obtained
applying the inverse method to both lenses with SOE, as this
configuration has given the best results in terms of optical
efficiency (higher acceptance angles) and is that used in
practice in the C-Modules of PhoCUS system. The first
experiments were carried out at a lens-screen distance of d =
3.8m as this was the maximum available space in laboratory.
Afterwards, this distance was doubled by placing a mirror
between the concentrator and the screen, reaching in this way
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a distance d = 7.5m. Fig. 28 shows the optical efficiency
profiles obtained for the prismatic lens coupled to the SOE.
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Figure 28. Experimental inverse efficiency curves (vertical and horizontal)
of the prismatic lens with SOE at lens-screen distance d = 3.8m
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Figure 29. Experimental efficiency of the two lenses with SOE obtained
with inverse method at d=7.5m

The angular resolution of the image was in this way
reduced to 0.6°. Fig. 29 shows the optical efficiency profile
as obtained for the two lenses coupled to the SOE by the
inverse method applied at d = 7.5m. The increase of the
distance d has now produced the reduction, from about 3.0°
to 1.5°, of the maximum angle detectable on the screen by
the CCD. Comparing Figs. 28 and 29 it can be seen that the
increase of distance d has determined a decrease of
acceptance angle for the prismatic lens (in particular from
~1.8° to =1.4° at 50% of 0° efficiency). A summary of the
experimental acceptance angles, measured with the inverse
method on the two lenses in presence of SOE and
distinguishing between those measured at 50% efficiency
and those measured at 90% of 0° efficiency, are reported in
Tab. 3. The experimental data of optical efficiency discussed
so far have been obtained at Ferrara University by indoor
measurements. The experiments performed at ENEA Portici

were carried out on a similar Mock-up both indoors and
outdoors. The results are reported in Tab. 4 and Fig. 30 and
can be considered valid for both the prismatic and the hybrid
lens [8, 9].

Table 3. Summary of experimental acceptance angles obtained with the
inverse method

Prismatic Hybrid
d(m)
50% 90% 50% 90%
3.8 1.9 1.0 2.4 14
7.5 1.4 0.7 1.5 0.8
Table 4. Summary of indoor and outdoor data of acceptance angle
obtained at ENEA Portici with the direct method
Indoor Outdoor
50% 90% 50% 90%
No SOE 1.2 0.5 - 0.4
SOE 2.6 0.8 - 0.85
NORMALIZED OPTICAL EFFICIENCY
120%
100% 1
80%
: NN
2 0%
40% \
. ¥
0% . . T T T
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Figure 30. Normalized optical efficiency for three different configurations:
a) indoor test; b) outdoor test

The last analysis was the measure of the absolute on-axis
(0°) optical efficiency of the Mock-up. The results were:
0.89 + 0.01 for the prismatic lens and 0.90 £+ 0.01 for the
hybrid lens.
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6. Conclusions

The optical simulations and experiments carried out on the
PhoCUS C-Module following both direct and inverse
methods allowed to obtain the angle-resolved optical
efficiency and the acceptance angles at different operating
conditions for both the prismatic and the hybrid lenses. The
presence of the secondary optical element (SOE) was
essential to reach acceptance angles as high as 0.8° at 90% of
0° efficiency. The on-axis optical transmission was ~0.9 for
both lenses.

Further considerations are to be dedicated to the methods
of optical characterization. We have used both the direct and
the inverse method, following a simulated or experimental
procedure. In all the cases the two methods agree. However,
it must be considered that the application of inverse method
presents a number of significant advantages, both as regards
the duration of the measures and as regards the complexity of
the equipment used. In all cases the inverse method is
preferable, both for the measurement of the normalized
efficiency and for the calculation of the on-axis efficiency.

Appendix

When the inverse method is simulated, the planar screen is
configured as an ideal absorber and the measured incident
irradiance E(6,p) (see Fig. Ala) is converted into the

radiance distribution function of the concentrator,
L, (0,p), by the (cos@)™* factor. Indeed, if P(6,¢) is a

point on the screen, FE(6,¢) the corresponding incident
irradiance and dS an elementary area around P(6,q), the
flux through area dSis d@® = E(6,9)-dS and itis confined

within the solid angle d{2 given by:
dS-cos@ dS-cosf dS
Q = 5 = 2 = 2 .
F20)  (dlcos)? d

The inverse radiance produced by the concentrator
towards (@, ¢) direction will be therefore expressed by:

dd
L 0,p)=— 2 —
i (6-9) dQ- 4, -cos @

2 (A
m(dS-cos39/d2)-Am .cos® A, cos*@

2)

where A4;, is the input aperture area of concentrator. The
radiance can be normalized to the value at 8= 0° giving:

Lin(0.9) _ E@.p) _E™0.9)
L, (0)  E(0)-cos*®  cos*@

L (0,0) =

myv

(A3)

The inverse radiance is related to the optical efficiency of
the concentrator in the following way:

L. (0 (0
120,¢) =L OO et g,y Man(0-0)
1 dgir (0)

inv L, (0) (A4)
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Figure Al. (a) Schematic of the irradiation of the planar screen (ps) by the
inverse light produced by the solar concentrator (sc). (b) Process of
recording by the CCD of the image produced by the irradiance map

produced on the planar screen. P(@, @) is a point on the screen and
E(0,p) is the corresponding incident irradiance. (¢) The CCD is
schematised as a lens and a plane representing the image sensor of the CCD;
P...(0,9) isapointand [, (8,) isthe intensity (irradiance) on the
CCD sensor

We conclude that, when we simulate the inverse method,
the normalized profile of the direct transmission efficiency
of the concentrator is directly derived by the normalized
irradiance incident on the ideal absorbing screen, by the
expression:

it (0.9)= E™ (0,9)-cos ™0 (A3)

When the “inverse” method is applied experimentally, the
screen is used to send back the diffuse, inverse light towards
the CCD and must have a Lambertian character (reflectivity
independent on the incidence angle, and constant radiance of
the reflected light, as function of observation angle) in order
to allow the reconstruction of the irradiance map on the
screen from the intensity map produced on the CCD. If the
CCD is aligned with the optical z axis and close to the
concentrator (see Fig. Alb), the intensity profile of CCD
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image must be corrected by a further (cosé )* factor, as we
demonstrate in the following (see Fig. Alc).
The total flux reflected by the unitary area of (ps) centered

in P(O,p) is:

ER(0,9) =7 L (0,9)
where R is the reflectance of (ps),
Er(0,0) =R-E(0,9) is the reflected irradiance, and

Ly (6, 9) is the radiance of the screen. The flux reflected by
the unitary area of (ps) and flowing inside the solid angle by
which the unitary area is seen by point 00,p) is:

(A6)

cos* @

AD(0,9) = Lg(0,9) - o (A7)

This flux is the same reaching the CCD sensor area (¢ / d)*
centered on point P..;(6,9). The intensity of the CCD

image at point P..;(6,9), proportional to the irradiance
incident at that point, is therefore:

AD(0,9)
1...00, —f — R
4(0,0) (c/d)2
cos* 6 cos*o
k-LR(G,(p)-—zzk-ER(9,¢)-—2=...(A8)
c T-C
4
k.R.E(Q,(p).M
T-c

By using Eq. (A2), we obtain:

k-R-A g
1,04(0,90) =——F—%-L;,,(6,9)-cos” 6 (A9)
w-Cc -

From Eq. (A9) we finally obtain the inverse radiance of
the concentrator from the intensity on the CCD:

2 2
Toct-d

-1...(0, .cos 2O (A10
kRAm cca’( (0) ( )

Linv (9’ (0) =

The normalized radiance becomes:

L (0,0) = 11)(0,9)-cos ™ 0

my

(Al1)

Finally, from Eq. (A4) we obtain the normalized
transmission efficiency of the concentrator:

7 (0,0) = 1",(0,9)-cos™ 6 (A12)
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