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Abstract. The light collection properties of different types of solar concentrators have been
investigated by applying conventional and innovative methods of characterization [1, 2]. Four types
of optical methods were applied: 1) a “direct” method using a laser beam as light source; i) a “direct”
method using a parallel beam simulating the direct component of solar light; iii) a “direct” integral
method using a lambertian light source simulating the diffuse component of solar light; iv) an
“inverse” method using a lambertian light source applied at the receiver side, thereby reversing the
light path. The optical properties derived by applying the above three methods were: 1) the local
optical collection efficiency, resolved on the entrance point and direction of incidence ii) the overall
optical collection efficiency under collimated light, resolved on direction of incidence; iii) the spatial
and angular distribution of flux on the receiver.

Introduction

Several methods can be applied to the optical characterization of solar concentrators. In this paper we
focus our attention to the two classes directly derived by our research on this subject: “direct” and
“inverse”, distinguishing the way the concentrator is irradiated, if from the input or the output
aperture, respectively. In this sense, the term “direct” is by no means to be associated to the direct
component of solar radiation. To test the concentrator, we will consider, for example, the direct
“local” irradiation, by using a laser light, or the direct “collimated” irradiation, by using a plane wave
simulating the direct component of solar light, or finally the direct “integral” irradiation, by using a
lambertian light representing the diffuse component of solar light. The “inverse” method will be
applied only by using a lambertian light source.

We investigate mainly concentrators derived by the nonimaging optics, like the well known
Compound Parabolic Concentrators (CPC) [1, 2], with ideal or modified shape, to reduce its length or
to optimize its packing in a module [3].

The methods of characterization

The “direct local method”. The “direct local method”, or “laser method” (DLM) is the simplest
method of characterization to be applied. It uses a laser beam to scan the input aperture following a
matrix of points at fixed orientation direction (polar and azimuthal angles 6 and ¢) [4]. The flux
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measured at output aperture allows to draw a map of “local” transmission efficiency, that can be
compared to the map derived by raytracing the CAD model of concentrator, giving in such a way
information about local surface/interface defects or manufacturing inaccuracies of the substrate. Fig.
la shows the schematic experimental setup of DLM method.
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Figure 1. Experimental set-up of the laser characterization of 3D-CPC concentrators. Measure of
output flux (a); measure of output beam divergence (b).

The measure of exit angles of laser beam at output aperture of concentrator can be carried out by using
the simple apparatus of Fig. 1b. A plastic hemispherical globe (hg) is centered on the output aperture
of the CPC and drawn with parallels and meridians representing the polar and azimuthal angles of the
laser beam spot. The opalescence of the globe allows to visualize the impact point of the laser beam
and then, with a good approximation, its exiting direction.

The “direct collimated method”. The angle-resolved transmission efficiency of the whole
concentrator is obtained irradiating the entire input aperture by a suitably oriented parallel beam and
measuring the output flux (“direct collimated method” or DCM) (Fig. 2a). From the transmission
curve we derive the acceptance angle, 6,.., conventionally the angle at 50% of the 0° efficiency (90%
for photovoltaic applications) (Fig. 2b). Besides the “absolute” optical efficiency #(6,¢), it is useful to
consider the efficiency normalized to 0° value: 77.,(0,¢0)=71(0,9)/n(0) . As we will see in the

following, the normalized efficiency curve can be obtained in a very simple way by applying the
“inverse” method. Fig. 2c shows the DCM apparatus during characterization of “Rondine”
nonimaging concentrator [5]. The beam from the integrating sphere (isl) is collimated by the
parabolic mirror (pml) and irradiates the concentrator (cpc). The output flux, measured by the
integrating sphere (is2) at different orientations of the (cpc), gives the relative transmission efficiency
n,,(0,9) . A separate measure on the input beam gives the input flux and allows to calculate the

absolute transmission efficiency 7(6, ).

Figure 2. Scheme of the DCM method (a). Absolute and relative transmission curves of a typical
3D-CPC concentrator (b). Photo of the DCM apparatus (c).
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The “direct integral method”. The “direct integral method” (DIM) has been introduced to study
the transmission efficiency of a concentrator integrated over all the directions at input. DIM simulates
the behaviour of the concentrator under the diffuse component of solar radiation, when it is uniform.
Fig. 3a shows the scheme of DIM applied to a 3D-CPC concentrator, with ;- constant radiance of the
diffused light source. The DIM can be realized in practice using a suitably illuminated hemispherical,
lambertian screen (s) of radius R>>VA4;,. DIM gives the “direct integral transmission efficiency”

int

1., defined as the ratio of output to input flux:

T 2 7/2 2 7/2
N =§—= 1 - [do j do-sin6-cosd-1,, (0, (p)-— 7 (0) j d(pjde sin@-cosd-17; (0,0). (1)
dir 0
) P /2 7/2
Ny = q)l‘f;’ =2- Idé’-siné’-cos@-ndir(ﬁ)=2-77dl.,(0)- jdé’-siné’-cos@-n;fr’(ﬁ). )
dir 0 0

where Eq. (1’) applies to a generic concentrator and Eq. (1°°) to a cylindrical concentrator, and the
symbol “7 “ means transmitted. In a similar way we can define the other two quantities related to DIM:

the “direct integral absorptance” 0(;1;; and the “direct integral reflectance” p;;,t (hereafter we limit
to cylindrical symmetry for simplicity):

a 7/2 7/2
int =%=2- [d0-sin0-cos-a,,(0)=2-a,,(0) [dO-sin6-cos6- o (6). )
dir 0
. d” /2 /2
o zq)—jff’:l jd@-sin@-cosé’-pdir(ﬁ)=2-pdl.,(0)- Id@-sin@-cos@-pﬁ(@). 3)
dir 0 0

int int int

where: n; +al, +pu =1.
The average output radiance is expressed as:

(DT 2. L. A /2 /2
=20 T [dg-sin6-cos0-n,, (0)=2-Ly, -C,,, - [d0-sin@-cos0-7,,(0) (4
0 0

A A4

out out

Tout __
Ldir -

Now we define the quantity 4, ,,, as the ratio between output and input radiance:

T out ”/2 71'/2
Ay = id” =2-C,, Id& sin@-cos0-1,,(0)=2-C,, - Id& -sin@-cos - [1 —a(0)- p(H)] (5)
dir 0

From the previous equations we find the relationship:

L(mt

dir  _ ,,int

% A, _E,
ﬂ“a’ir L ndir geo = @Z; ’ A
dir dir

mn

‘A, A
m — out 6
E, -4, A ©

out

similar to the relationship defining the optical concentration ratio under collimated beam irradiation:

Copt = E. = ndir ) Cgeo = (D(mt ) Ain (7)
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We can define therefore the quantity A, as the “optical concentration ratio under direct integral
irradiation” or “direct integral concentration ratio”. From Eq. (6) we see that 1, can be expressed

also as the ratio between the average output and input irradiances.

Fig. 3(a) shows the schematic principle of DIM. For small size concentrators, the DIM can be carried
out indoors by using an integrating sphere to produce a uniform lambertian irradiation over the input
aperture (see Fig. 3b). Input and output fluxes can be then measured by alternating a photodetector
(pd) on the input and output apertures. The DIM can be carried out also outdoors by simply exposing
the concentrator to the diffuse component of solar radiation, after removing the direct component by a
shadow band (sb) (see Fig. 3¢). To get new interesting information about properties of a CPC, the
DIM can be applied by changing the angular aperture of the lambertian source (see Results).

diffuselight
e
oa \pd
c)

Figure 3. Scheme of the DIM method (a). Indoor application of DIM by using an integrating sphere
(b). Outdoor application of DIM by using the diffused solar light (c).

The “inverse method”. With the “inverse method” (IM) we test the concentrator by irradiating the
output aperture, therefore reversing the light path occurring during normal operation. The inverse
method [6, 7] is an alternative way to obtain the angle-resolved optical efficiency of a concentrator. It
is characterized by a remarkable rapidity of measurements and by a simple apparatus with respect to
direct methods (DM). The “conventional” IM is applied by irradiating the overall output aperture by a
lambertian source (Is) (Fig. 4a). Light projected from the input aperture (ia) over the screen (sc) (Fig.

4b) produces an irradiance distribution mev (6, ¢) whose profile, corrected by the cos™(z) factor,

gives the relative radiance L' (6,9) of concentrator towards (6,¢) direction. It can be

mv

demonstrated [6, 7] that L (6, ) is equivalent to the relative “direct” angle-resolved transmission

mv

efficiency 77 (6, ¢) obtained by the collimated direct method (DCM): L (6, 9) = 12 (0, ¢) . The

mv

measure of £ ° (9 @) is done by CCD recording of the image on the screen (sc). The correctness of

equality: L (6,9) =1 (0,) has been widely demonstrated by us by optical simulations of both
DM and IM for several types of concentrators, both reflective and refractive (see Results). The IM so

far described gives the relative optical efficiency of concentrator, ndfr (8,9) . To have the absolute

rel

optical efficiency, 77,,.(8,9) =n,.(0,9)-n,.(0), we need to measure 77,,(0). This can be done by
applying the IM in a different way, that is by orienting the CCD camera towards the concentrator input
aperture and measuring its radiance (Fig. 5a). It can be demonstrated that 77,,.(0) is given by the ratio

ZC (0)/ Ly, where L. (0) is the average radiance of the whole input aperture and Lz is the
radiance of the receiver, that is of the lambertian source (Is) [8]. Fig. 5b shows an example of measure
of 17,,(0): L.(0) is the average radiance inside the big red circle, Ly, is the average radiance inside
the small blue circle.
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Figure 4. a) Schematic principle of IM. b) Image produced on the screen (sc). ¢) “Rondine”
concentrator (old and new version respectively).

cpe ny

Figure 5. a) Schematic principle of IM applied to the evaluation of 77, (0) through the measure of
radiance of input aperture of the CPC (a). Measure of inverse radiance of a truncated CPC (b).

The IM can be applied also locally, by irradiating only a portion of output aperture by a lambertian
source, therefore becoming a “local inverse method” (LIM) [6]. In this way LIM explores the direct
transmission efficiency of specific regions of receiver, allowing to establish which directions are more
effective for their optical collection in direct mode. A final remark about the correct application of IM
is of extreme importance: light from the inverse lambertian source must be unpolarized. The best way
to achieve this is to use an integrating sphere. An alternative, but less practical, method is the use of a
high reflectivity lambertian diffuser illuminated by the front side of concentrator. Another alternative,
but less effective, method is the use of a semitransparent diffuser illuminated by the back side of
concentrator; in this case it is more difficult to obtain a good lambertian distribution of transmitted
light.

Results

Examples of experimental and simulated maps of “local” transmission efficiency for a CPC with
square-shaped input aperture and reflective walls realized by strips of 3M VM2000 radiant mirror
films are reported in Figs. 6a,b. From the map of local efficiency it is derived the average
transmission efficiency for a particular incidence angle. Different maps allow to draw the
transmission efficiency curve (see Fig. 6¢). Maps of exit angles of laser beam for the square-shaped
CPC are reported in Fig. 7. The maps show a well defined symmetry. The polar angle map (a) shows
that rays incident on the periphery of input aperture (ia) exit from the CPC with a small divergence.
The divergence increases at decreasing the distance between impact point and center of (ia). The
central region of polar map is rather confused. Here the beam spot on the screen (hg) is very
dispersed and so impossible to measure. Fig. 7b shows that the azimuth angle also varies very
regularly with the coordinate of input beam. At an entrance point on (ia) corresponds an exit
direction opposite with respect to the centre of aperture. Then, if we let the input ray move on a circle
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clockwise around the centre, the exiting azimuth will regularly increase and the polar angle will
remain constant. At the centre of the map we note the same irregularities as for the polar angle map.
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Figure 6. Example of the experimental DLM map obtained at 1.5° incidence of laser beam for a CPC
with square-shaped input aperture [4] (a). The same map as obtained simulating the DLM by an
optical code on the CAD model (b). The absolute and relative transmission curves obtained by
averaging the experimental maps (a) at different incidence angles (c).
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output aperture of the square-shaped CPC, at § = 0° polar incidence angle at input.
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The validity of equivalence L (8,9) =1 (0, ¢) has been widely demonstrated by us by optical

simulations of both DCM and IM methods for several types of concentrators. The simulated
angle-resolved transmission efficiency curves of two types of concentrators, a truncated 3D-CPC
and a circular Fresnel lens, are shown in Fig. 8. They have been obtained by applying both DCM and
IM methods, which give the same results, as can be seen by the perfect overlapping of the

corresponding curves.
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angle, b) a circular Fresnel lens.
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Figure 9. Intensity map of the CCD image of “Rondine” concentrator (old version) (a). Horizontal
and vertical profiles of inverse radiance for the old (b) and new (c) version of Rondine concentrator.

Some IM experimental results applied to “Rondine” concentrator (see Fig. 4c) are shown in Fig. 9.
Fig. 9a shows the intensity distribution of the recorded image on the screen (sc). After elaboration of
this image, we obtain the inverse radiance (direct transmission efficiency) profiles along horizontal
and vertical directions as shown in Fig. 6b, and the corresponding (photovoltaic) acceptance angles:
0.c= 6.3° (horizontal); 6,..~ 4.3° (vertical). The new version of Rondine concentrator (see Fig. 4c),
smaller in dimension and with a square shaped output aperture, has been also characterized. The
inverse radiance (direct transmission efficiency) profiles along horizontal and vertical directions of
this concentrator are reported in Fig. 9¢c, and the corresponding (photovoltaic) acceptance angles are:
6,..~ 5.0° for both horizontal and vertical directions.

Figure 10. Photo of input aperture, irradiated in the inverse way, and the corresponding image on the
screen, of some tested concentrators. Square-shaped 3D-CPC (up left). Truncated 3D-CPC (up right).
Rondine (old version) (down left). Prismatic-lens PhoCUS concentrator (down right).

Some photos of concentrators irradiated in the inverse way are shown in Fig. 10, together with the
corresponding inverse image produced on the screen (sc).

The application of DIM method gives very useful information when it is simulated. It has allowed to
demonstrate for example that, for an ideal CPC concentrator (e, (6,9) = 0), the output flux is uniform

on the receiver plane (see Fig. 11a), whereas, for an absorbing CPC concentrator (¢, (8,¢9)#0), the

output rays at the rim of receiver are more attenuated (see Fig. 11b). From this we argue that rays
performing more reflections are preferentially directed towards the periphery of receiver. By
analyzing the angular distribution of output flux (this method requires the opening of output aperture
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and the application of a hemispherical absorbing screen in front of it), we find also that, with a non
absorbing wall CPC we obtain a lambertian distribution of flux at output (constant output radiance
L"). In presence of absorption, on the contrary, the output flux is no more lambertian. In this case we

1DBIU0D - JUBWIWOD - } NSU0d
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get an average radiance at output, L}, always lower than L% . By the same analysis, we find also
that, with an absorbing wall concentrator, the more diverging rays at output are more attenuated,
further arguing therefore that rays exiting near the rim of receiver are more divergent. The above
simulations becomes very useful for studying the behaviour of concentrator when they are carried out
at different values of maximum divergence of the lambertian light at input. Fig. 11c shows for
example that, for an angular aperture of lambertian source, 6,,,,=4°, smaller than the acceptance
angle 6,..=5°, we obtain a relative decrease of flux distribution at the rim of receiver, demonstrating

that more divergent input rays are collected on the periphery of receiver.
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Figure 11. Simulated flux distribution and x/y profiles at the output of a CPC concentrator (6,..=5°,
Cqeo=132). Ideal concentrator with wall reflectance R,~=1.0, 6,,,,=7° (a). Real concentrator with wall
reflectance R,,=0.8, 6,,,,=7° (b). Ideal concentrator with wall reflectance R,,~=1.0, 6,,,,=4° (c).

Summary

We have explored two classes of methods of characterization of solar concentrators, mainly of the
nonimaging type: “direct” and “inverse”, in relation to the way they are irradiated, if from the input
or from the output aperture. We have investigated the optical collection efficiency under collimated
and diffused light.
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