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Abstract: The theory of light collection in solar concentratarradiated in the “direct” mode
(from input aperture) is revisited and new conceptsintroduced. Application of the theory is
made mainly to nonimaging (CPC) concentrators.
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1. Introduction

A solar concentrator can be regarded as a geneticab element for which we can define a reflecegnan
absorbance and a transmittance. These quantitiebecaalculated in relation to different types roddiations, the
most natural being the collimated beam and theapat irradiation associated with the direct anfudie outdoor
solar radiation components, respectively. In thigpgy we extensively use the term “direct” meanihat tthe
concentrator is irradiated from the input apertimethis sense, the term “direct” is by no meanbdassociated to
the direct component of solar radiation. We willéstigate mainly concentrators derived by the nagimg optics,
in particular the Compound Parabolic ConcentratGRRC) [1], with ideal and real properties.

2. Theory of “direct” optical collection

The fundamental quantity which summarizes the aptiollection properties of a solar concentrata€)% the
transmission efficiencyqi (8, @in), €xpressed as function of the direction, thaeisithal and azimuthal angle#](
#n), of a collimated beam, with uniform irradiangg, at the wave front, and given by the ratio of outpod input

fluxes:
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where A, (8., @) is the projected area of input aperture (ia) 6f 8f areaA,,, equal toA,, - cos@,) when the
contour of (ia) is contained on a plane. Fig. lawshthe scheme of measurergf (4., @), called “direct method”
(DM). In general we haveyqi (8, ¢n) = fraction of flux transmitted to output apertfo®), agi (8., @in) = fraction
of absorbed flux, angy; (8., @) = fraction of reflected flux, withfg;(Gn, @n) + Air(En, Bin) + Luir(Gn, Pin) =1.

Let’'s consider now the isotropic irradiation of &€ illustrated in Fig. 1b (integral direct methmdiDM). We
can imagine a hemispherical screen (hs) irradiatiegSC at constant radiancg. The total incident flux is:
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Figure 1. Schematic principle of Direct Method (Df4) and Integral Direct Method (IDM) (b) of irradion.



In the following we will consider, for simplicitynly concentrators with cylindrical symmetry;, (6, @) = 7qi:(6)
= n(@. The equations can be easily extended, if nepgssathe general case by reintroducing the depecel on
the azimuthal angle. The flux “transmitted” to th&put, becomes:
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The optical loss is represented by the “rejectedd’ @# and by the “absorbed” flugy, :
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in such a way thatp’, + @4 +®7 =1.

In absence of loss by absorbance, the integrattiirradiation leads to a significant result: ba butput aperture
the irradiation distribution is uniform and the afay distribution of intensity is lambertian (coast radiance). The
integral direct irradiation of an ideal (non absod) concentrator, therefore, produces a uniformmbartian
irradiation at output. This can be demonstratethlepretical considerations and by optical simulaiorhe output

radiance is given by:
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where we have introduced the geometrical conceotratatio Cye, In the case of a non ideal SC, the output
irradiation is no more uniform and lambertian argd ) gives only the average radiance at outuitafparticular
absorbancey(6) .
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where @4;,"@ is the output flux in presence of absorbance agd)is the transmission efficiency in presence of
absorbance. Naturally, the output radiance of & €& is lower than the radiance of the correspogdieal
concentrator. We have simulated a 3D-CPC with,= 130, 6, = 5°, irradiating it in the integral “direct” med
(Fig. 2). The simulations confirm that the unifogpatial distribution of flux at output and the laenttan angular
divergence is reached for the ideal case (walkotiftity R, = 1), not for the non ideal case (wall reflectiviRy =
0.8). The spatial distribution has been testeduiing a flat absorber on the output aperture, waerthe angular
distribution has been tested by putting an hemispaleabsorbing globe centered on the output aperie now
introduce a new quantity, the ratio between ougmat input radiances. The ratio between output apdtiradiances
in the general, non ideal, case becomes:
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Figure 2. Map of irradiance at output apertureRgel (a) andr,=0.8 (b). Map of irradiance on an hemisphericabgloentered on the output
aperture foR,=1 (c) andR, =0.8 (d). The irradiation distribution on the giols a function of ca® for a lambertian angular distribution at
output of concentrator, but this distribution beesmniform when it is projected on a plane for espntation purposes, as it is done for c) and
d) maps.
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We introduce also the following new optical qutiesi: “direct integral optical efficiencyy,™, “direct integral
optical absorbancetiy,™ and “direct integral optical reflectangg,™, given respectively by:
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where:pit + g + pit =1. From Egs. (8), (9) we find the relevant relaticips
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Eq. (12) has the same form of the relationshifindef the optical concentration ratio of a SC undeollimated
beam irradiation:
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then the quantityly(, can be defined as the optical concentration ratider integral direct irradiation, and
corresponds to the concentration ratio achievahtdamrs by the irradiation of diffuse solar ligigome of the
above defined quantities are evaluated for the ispe@ase of a 3D-CPC concentrator, characterizedhey
acceptance angl@.. and the on-axis optical efficieney;;(0) [1]. The transmission efficiency functiep; (8 for a
3D-CPC nonimaging concentrator can be approximé&ted step function withyy (8 =4,(0) for @ = 0 +6,,
Nair(@) = 0for 8> G, With &, acceptance angle measured at 50% of the 0° effigifl]. We obtain for the

radiance ratiolq(q), the direct integral transmission efficienqmrint and the direct integral absorbanag™,

respectively:
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For a CPC witlCyeo= 130, 8= 5° andry;(0) = 0.9, for example, we obtaidy; ;= 130[0,9[D,0076 = 0,889;
Ne'™ = 0,900,0076 = 0,00684 = 0,684%;"™ = 0,1[0,0076 = 0,00076 = 0,076%. This means that th@4d:6of
the incident flux is transmitted to the receivédre 0.076% is absorbed on the walls and the{Q®@84-0.076) =
99.24% is reflected backwards.

[1] R. Winston, J. C. Mifiano and P. Benitidpnimaging Optic¢Elsevier Academic Press, 2005).



