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ABSTRACT

Theoretical models of light collection in solar concentrators (@€ )presented together with new advancements of the tibabemnalysis which leads to the introduction of new optical eptscand the definition of new
optical quantities. Solar concentrators are viewed as gendmaloplements whose reflectance, absorbance and transmipiapeeties are expressed with respect to different itradigonditions. They are studied under
collimated or diffuse light, under local or integral irradiatiamcluding that in which light direction is reversed. All the teswere obtained applying two basic concepts: the revetgibilinciple and the efficiency of
transmission of an elemental beam. In this paper we difiteissetical models of irradiation, which are simplifications ofdb&loor irradiation conditions. For each model we derivesaisp method of characterization of
the SC, that can be applied by optical simulations at a computgr@xperimental measurements. A generic solar concanitsaschematised as a device confined between an emtagerture (ia) with area fAand an exit
aperture (oa) with area & where A > A_,, as required by definition of solar concentrator. A sotarcentrator operates in practice under “direct” irradiatioat & under irradiation on the entrance aperture and with a
receiver, the energy conversion device, at the exit apddr

THE “DIRECT COLLIMATED METHOD” (DCM) THE “INVERSE LAMBERTIAN METHOD” (ILM)

The optical collection properties under direct and collimatesmbefia solar concentrator, with rotational For the reversibility principle, the optical loss reported by actinay is the same as that shown by an inverse
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symmetry, are summarized by thegle-resolved transmission efficiency ray if the optical path is the same and if both starting l@g unpolarized. The attenuation factor for the
radiance of the direct beam incident at point A Iin directi®g)(represents the local direct transmission
®, .(6) ®, .(6) e . . _ . _
y N, (6) = Out = ol =7 (0) 1V s () efficiencyng.(A,0,9), while the attenuation factor for the radiance of the rayted by the SC from point A
® () E, A [tosH | In the reverse directio® ) represents the local inverse transmission efficiengyA,0,¢).
I e , We extend now these concepts to all points .of [Athe inverse radiance | at output aperture is constant for
Transmission efficiency of a all directions, that is, a Lambertian source is applied to thaubafperture, then the average inverse output
> \ | 3D-cPC  nonimaging solar  radiance, L. °9(8,¢), has the same angular distribution of the average inveassmission efficiency
& § 08 \ PR | concentrator. They are shown Ni(0,9). But the average inverse transmission efficiency muse tlag same angular distribution of the
'” = . | the absolute and normalized average direct transmission efficiengy,(6,p). As a consequence, the inverse radiance of the cuats
Egir i | transmission curves. L...°"(6,¢), when irradiated on the output aperture with a uniform @mgblarized Lambertian source, Is
L Qaf N ;Tel :C;‘fpﬁ:‘igﬁ atrr:%@gi‘;ii itehrfc proportional to the efficiency of the direct transmissipn(8,$), of an unpolarized collimated beam, that is
3 1\ NrromO2 { =i Y the two corresponding normalized quantities coincide:
G 0.2 . P | drops to 50%. Both curves have
Basic scheme of the Direct Collimated N ") Ty e EEmE ) . _LMN(6, ) _ng (6,9)
Method (DCM) 0 T CI% 4 5 | 6 LinV,norm (9’ ¢) - Lout (O) _,7dir,norm (61 ¢) . /7 (O)
Incidence angle, (9 inv dir
In general we have: where: The above discussion establishes therefore the suitabilttyeafiverse lambertian method (ILM) to provide
9) = ®_.(6) 9) = d_(6) 9) = ,(6) 5 o g) = all information concerning the normalized efficiency of traission of the concentrator under direct and
/7dir( )_ adir( )_ IOdir( )_ ,7dir( )+adir( )+/0dir( )_1 i d irradiati _ 8 f h f lized | ' ad it |
d. (6 d. (6 ®. () collimated irradiationng; ..,.(6,¢). To perform the measurements of normalized inverseamee, it Is
5 " sufficient to project the inverse light towards a far planaeest and to record the image produced there; a
Transmission efficiency Absorption efficiency Reflection efficiency Conservation of energy simple elaboration of the image giVQﬁ\/,lnormom(e’q))-

(fraction of transmitted flux) (fraction of absorbed flux) (fraction of reflected flux)

ILM provides also the quantity, (0), and so the “absolute”

L. ou(g,d) transmission efficiencyn,, (6,¢), without recourse to any

direct measure by DCM, as it is demonstrated by the
forthcoming considerations.
When a 3DCPC SC is inversely irradiated, the exit aperture
(oa) becomes a Lambertian source with constant and omifor
radiance L . The total flux injected into the SC becomes:

77/ 2

o, =271, (A, 0[ d6Bin g tost = 1L, TA,,
0

A perfect parallel beam is impossible to realize in practice, then, (8 ¢) is the radiance of the light source
from (6,¢) direction, and @ is the solid angle within which light is collected, @uegle-resolved transmission
efficiencycan be defined as:

,7dir (0) - ddccllj)out(91 ¢) = 1
in (H’ ¢) Ldir (H, ¢) mh [¢coSsO

Similar expressions are used to obtain the absorption andtiaflefficiencies.

The number of measurements required to apply the DGMrshigh, both for simulations and for experimental
measurements. This is indeed the strong limit of DCM appli¢detaletermination ofj,(6). This limit can be
overcome by the use of the “Inverse Lambertian Methdd¥jlof irradiation, as it will be demonstrated in the
corresponding section.

lim(dQ - 0) dc"ogg(f 2

Inv I

The inverse flux transmitted to output, the input aperture of
Basic scheme of the Inverse Lambertian the SC, is given by:

ethod (ILM) 772
THE “DIRECT LAMBERTIAN METHOD” (DLM) — o3 = o), =277, [ dO5in@ oA 1124(6)

The “direct lambertian method” (DLM) has been introducedstiody the transmission efficiency of a
concentrator integrated over all directions at input. The figurevs the scheme of DLM applied to a-8IPC
concentrator, with;, constant radiance of an isotropic diffuse light source. Hpafdl we obtain thedirect

We now define a new optical quantity, tin@erse lambertian transmittance, '*™, as the ratio of output to
iInput flux: 77/2

. out
lambertian transmission efficiency,, 2™, defined as the ratio of output to input flux. ot 21T LA, DI delsingleosd L, (0)
lamb — Tinv — 0 —
27 72 L = —in — ~
in I — CD:EV T u |:I—inv
Of = Ly, A, 0 dp O dSin@ osd = 771, (A, ol Fu 2 -
e == ([ dg ($in [tosf (L34 (6) = ——2° [134(0) [ d& ($in & [cosf L2, (6)
o | Inv | 0 | | Inv | | 0
CDS}}“ =@’ =20, A Djdé’ $inddosfH,. (6) We obtain for the ratio between inverse and direct lamberdasmittances:
p 2[C i
eo t g t
Transmitted flux lamb L = L5, (0) Djd@ [$in@LE0sH Ly, norm(6) L2 ()
inv. — inv 0 S inv
(DT. 72 ] lamb 772 ~ ottt Ygeo
lamb _—_ -lamb _ dir — o 7. . O) |:|]_
=T =— —ZDj‘dHEIn@E)OSQ (6) =... dir : ’7dlr( inv
Basic scheme of the Direct Lambertian Tair e CID'd”ir m]d'r( ) 2m7dir (O) Djd@Blﬂ@E:OS@ m7o|ir,norm(‘9)
Method (DLM) , 0 0
_ _ = o _ : This ratio Is just a property of the SC and cannot depenmadance. If we apply the conditionEL.., we
Direct lambertian transmission efficiency...= 214, (0) Djd@ [SINGLEOSO [ norm(6) obtain that the total lambertian flux transmitted in “direct” and &mse” directions is the same:
0 71/2 77/2
Similar expressions are used to define direct lambertian absorptancer,,'a™, and thedirect lambertian 27701, [A_ Djdé’ [$infcosBly,, (6) = 2rrTA, Djdé’ [$in@[cosd L (O) A
reflectance p,,'*™P. The output radiance, in general, is not constant like the magliance, so we speak about 0 0 (0) = 2(0)
an average output radiance: /2 71/2 - j>‘ Tai L
. CDT_ 2[|]_ _ |]l1 72 _ 772 _ I—inv m7dir (O) DId@EIﬂ@I]:OS@ m7dir,norm(9) = L?nu\: (O) D_“dgl—_ehlngm:osg |:Il-?nli;[,norm(g)
Lo =—r— = =—dr = [ 4G [3$inG (€00 Ty, () = 2[L, [Ty, [ dOSING R0SIT,, (6) 0 0 -
TTLA, A A A The last equation allows us to calculatg(0) by ILM measuring | °'(0), the average lamb
on-axis inverse radiance, ang | the radiance of the inverse lambertian source. j‘> ilf;\;nb :Cgeo
Now we define a new quantityC, 2™, the ratio between average output and input radiance, a@réoe obtain that the ratio between inverse and direct lambertiasntittance is independent /' Ty
lambertian concentration ratio on radiance, as foreseen, and equal tg The“input direct lambertian flux’needed to
[ou 77/2 77/2 sustain an equal transmitted flux in the opposite directionJsti@es the“input inverse lambertian flux”
Clamb = —dr = o[T Djdﬁ [$ind[tosf Ly, (8) = 2[C,, Djd@ $ingtosAL-ay, () - o, (6)] This is a direct consequence of the geometrical asymmethe ancentrator. Let us imagine now to irradiate
dir 0 0 both apertures of the SC by two different lambertian sowdes. ; #L . If AL= L ;—L, , IS the difference of
[ out D’ E E Incidence radiance between input and output, then we hatteefaet flux through SC, in the direct direction:
We find: Ccl)apr — L T(Ij?rmb E:geo — i(i]ir DAn = m\)ut DAn = O AD = cDnet _ CDOUt . cDout _ Z.Iamb @in _ Z_Iamb @in ut Z.Iamb [tn)in -C @in ]_
Ldir chir A\)ut Ein DA\n Abut Ein — Fdir — dir inv — ‘dir dir inv inv — ¢ dir dir geo —*inv) T
_ lamb _ lamb
The direct lambertian model can be applied also reducinghtiidaa extension of the lambertian source from o= [ﬁﬂ[ﬂ-dir LA, _Cgeo LT, mbut] = (LA, Iy, ") [AL
n/2 10 a limit polar angl,, . We have for the input and output flux, respectively: The equation foA® is similar to theOhm's law: | = G - AV, whered_ "¢{(W) has the role of currenf\L
dir

(W/sr-n?) the role of potential difference and-A ,-14,'*™) (sr-n¥) the role of conductance: By inverting the

én
O, an = 7TLy, (A, Bin* G, o3, =&, . =27, (A, [ dEinGcost 7, (6) sign of AL we obtain: : famb
0 AD =0 = (LA, [T;,,") [AL

. S . CDT. 2 an Inv Inv
. lamb _ T dir,6n _ :
Direct ransmission eficiency: 73, = 25 = e[ d8SinG (Bos8 G, (6) A= O = (70A, ) AL (AL =Ly, -L,,) AP == (A, T BL (AL =Ly, - L,)
dir,&m m 0
T én : : : lamb lamb
_ — " . We define thé direct lambertian conductance’ = .
Average output radiance: Lo = %&jﬂ =20, [T, Djdé’ [$indLeost Ly, (6) Gy = TTLA, Ly, j>‘ Glamb — (zlamb
’ TTLA - dir — “~inv

o . We define théinverse lambertian conductance? Gi'r?\jnb =J[A,, ]’i'r?\;”b
Optical concentration ratio: C(')T)Tgﬂ = Er’ém =2[C,, Djdé’ [$in@[tosO 4, (O) The optical asymmetry of the SC disappears as long asotimductance of the SC is considered. The
0

dir “lambertian optical conductancetan be put in the form:

CONCLUSIONS G°™ = (r[A) 2 j> “optical conductance” = “étendue” x “transmittance”

We have presented a general theoretical approach to theddtadsolar concentrator looked at as a generic
optical element._lrrespectlve_of its practical use, we havelat_ered dlfferent_types of |rrad|at|_on an_d, for each through the output aperture in inverse way
of them, reflection, absorption and transmission propertiese baen defined. The classical view of the
concentrator fully irradiated on the front side by a collimdtedm has been upset and a new way of looking Jg_et =

Ir

Finally we define thelensity of the net flux through the input aperture in direct &radthe density of net flux

net net
= Par (™) DAL gret = i = G plamey

to it has been introduced through the new concept of ‘sérradiation. By inverting the irradiation on the A i i
concentrator and using a lambertian source at output, im@aetand surprising results appear, which allow to
disclose the full direct optical transmission properties of the solecentrator by a very simple approach. [1] A. Parretta, Int. Journal of Optics and Applications, 3(4), 2013, 27-39.
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