5th Forum on New Materials, Materials Solutions for Sustainable Energy, Montecatini Terme (PT), June 13-18, 2010

Wy

Optical Methods for Indoor Characterization of

Small Size Solar Concentrators @

A. Parretta™2, A. Antonini3, M.A. Butturi3, E. Milan3, P. Di Benedetto3,
D. Uderzo3, Paolo Zurru3, Giuliano Martinelli2

IENEA Centro Ricerche “E. Clementel”, Bologna, Italy
2Universita di Ferrara, Dipartimento di Fisica, Ferrara, Italy
3CPower srl, Ferrara, Italy.




Reverse the sight of your world
You will get surprises!




SUMMARY

Short introduction tamonimagingsolar concentrators

“Direct methods’ of characterization of concentrators
1) The direct laser method (DLM)
i) The direct collimated method (DCM)
i) The direct integral method (DIM)

The “Inverse metho(” (IM) of characterization of concentrat:

Applications
* |deal 3D-CPCs
* Truncated and Squared CPCs
* Fresnel and prismatic lenses
* The “Rondin€®” nonimaging PV concentrator

Conclusions



Optical efficiency curves of 3D-concentrators

3D-CPC Solar concentrator
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The 3D Compound Parabolic Concentrator (3D CPC)

target |IIum|nat|on profile
for normal irradiance

In general, we have a non uniform
distribution of flux at output

—

At 6—acceptance angle .the flux
IS on the rim of receiver

Secondary
prism

..allows to obtain a uniform flux at output




THE TESTED SOLAR CONCENTRATORS



T-CPC

r(in) =70 mm
r(out) =5 mm
L =350 mm

The solar concentrators
Nonimaging

Truncated CPC (T-CPC)

Rondine nonimaging
Concentrator (Genl)

I(in)=6,7x6,7cm
[(out)=1,7x1,3cm
L=15cm

AXxis Tilt=6°x4°

TS-CPC

I(in) = 100 mm
r(out) =5 mm
L =350 mm

Truncated and Squared CPC (TS-CPC)

[(in)=3,5x3,5cm
[(out)=0,8x0,8cm
L=6.0cm

Axis Tilt=5°x5°

Rondine nonimaging
Concentrator (Gen2)



The solar concentrators

Imaging

* Fresnel lens (circular):

r=2,8cm
d=0,16cm

Prismatic lens Phocus

concentrator
* Fresnel lens (squared):

=
/5/
~
-
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Mask 2x2cm



THE "DIRECT” METHODS

OF CHARACTERIZATION

....... _

output light




THE “DIRECT LASER METHOD”
(DLM)

Local (directional) transmission efficiency
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The laser method (LM)

The laser beam is scanned over
, amatrix path along X, y directions

—ee

The laser beam is orienteda@atazimuth) and
o(polar) angles respect to CPC
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Maps of optical efficiency (a = 09
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Y Coordinate

Y Coordinate

Maps of optical efficiency (a

5=0°; a=45% A=633nm; Eff=75.84%

Y Coordinate

X Coordinate

o=1.0°

Y Coordinate

X Coordinate X Coordinate

o= 3.0° 0=4.0°

Y Coordinate

X Coordinate

o= 2.0°
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THE “DIRECT COLLIMATED METHOD”
(DCM)

(The typical operation of a solar concentrator!)

Overall (directional) transmission efficiency
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The experimental apparatus

I:\)pm2
11(9) = Scpc(0) DSREF 200

(Rotational symmetry)

Measurement of flux at output

Rpm2
17(9,9) = Spc(9,9) DSREF =y

(Non-rotational symmetry) S
REF

O0= polar angle
@ = azimuthal angle

______________________________

Measurement of flux at input
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Experimental apparatus (Ferrara Labs)

The source: two coupled

Characterization of “Rondine” nhonimaging concenivat
integrating spheres

A fan is used to cool

the spheres
[

A lamp is placed” A ¥
inside the big sphere

The light chopper = s
ﬁ N

.

A uniform beam
Is produced 16



Experimental apparatus (Ferrara Labs)
Characterization of “Rondine” nonimaging concentvat
‘ ]

S
The Rondine is coupled to
an integrating sphe

A photodetector is placed

inside the integrating sphere The photodetector is

connected to a lo«in

Here the Rondine concentrator is directly

The Rondine is aligned
coupled to a solar cell

respect to the beam
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Realization of the integrating spheres (Ferrara Labs)

|

' I -

All the integrating spheres were realized from ptaglobes by using

different paintings.The internal wall was paintedBarium Sulfate. 18



Optical properties of the integrating spheres
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TRANSMISSION EFFICIENCY OF A SOLAR CONCENTRATOR
(Direct Collimated Method)

The fundamental quantity which summarizes the optical collection properties of a solar
concentrator (SC) 1s the (angle-resolved) transmission efficiency:

_ Poi(bi i) —  Pou(Gn, 8in)
dir Hin’ i) = out\“in’ 7"in/ — out \Yin ' ¥in
Do G bn) = G, 8)  Euy A(8,06,)

The SC is irradiated by a collimated beam

oriented at 8, zenithal angle, @, azimuthal angle.
E . : irradiance at the wavefront.
Eqir ) @. :input flux.
@ .:output flux.
A, (8, @) : projected input area.

.
\/

eacc 0

ideal

n(6)

real

Schematic principle of Direct Collimated
Method (DCM).

e
-

Example of transmission efficiency curve of a 3D-CPC concentrator. 20



ANGLE-RESOLVED PROPERTIES OF A SOLAR CONCENTRATOR

In general we have:
Transmission efficiency: 4 (8., @) = fraction of transmitted flux:

cI)out(gin ’ ¢in)

Nair (G2 D) =
o (Din (Hln ) ¢in)
Absorption efficiency: ag,(8,, @,,) = fraction of absorbed flux:
12 — cDa (‘9|n , ¢in)
adir( in’¢in)_cD e
in ( in? ¢in)
Reflection efficiency: 04 (8, @) = fraction of reflected flux:
_ CD,O (Hln ’ ¢in )
pdir (em , ¢in) -
CI)in (Hm ) ¢in)

with: ”dir(em’ ¢in) i adir(em’ ¢in) h pdir(em’ ¢in) =1
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Optical simulations of 3D-CPC with DCM
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THE "INVERSE” METHODS

OF CHARACTERIZATION

W output light

ia

input light




THE “INVERSE METHOD” (IM)
or
“ILLUME” (Inverse lllumination Method)

Overall (directional) transmission efficiency
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We can demonstrate that:

The “inverse” emission
efficiency (the radiance)

The “direct” collection
(transmission) efficiency




The basic principle of inverse method

A far Lambertian screen

The concentrator becomes intercepts the reverse light
a source of light!

Reverse light

A LAMBERTIAN source is
applied to output aperture

The image on the screen contains the ovanédrmation
about the optical efficiency of concentrator 26



Experimental configurations

Hamamatsu C8484
CCD camera

Back illumination by an integrating sphe

re

27



Simplified theory of ILLUME (ldeal concentrator)

CPC illuminated ,
®. (0) : flux atinput nYy

in direct mode ' «— E4,=cost
D_.(3,9) :flux atoutput

77(0,9) = ., (9,9) ©,,(9)

Forward raysat input are
collected or rejected:
Collected flux//
to optical efficiency ‘

11(0,9) = A;(0,9)1 A, (9)

CPC illuminated
in inversemode

Reverse rayat output are sc 1Y ) W -
always collected: C A e E A
Emitted flux /7 ‘ _____ % ozt —  _NO_ TV Z,

to reverse radiance

Reverse radiancé/to optical efficiency!!!



Simplified theory of ILLUME (Real concentrator)

o R | Optical loss at interfaces
K? = ¢ inside the concentrator
A a
’ For a real concentrator, we can apply the
“reversibility principle” which establishes
unpolarlzed). < < _the same attenuation_ factor_ If th_e direction
of light is reversed (and input light is unpolarized)
I . g
/ ‘N Reversibility Principle
|-/ |, =attenuation factor= invarianht

For a single interface we can apply the Fresnel Eajions:
(R and T are invariant for exchange between indexes

Attenuation of 1o o\l o . 1COS(p+¢")+coS(f-¢")
reflected ray ‘ R= 2Eﬁpp+p§)_ ZBm \ ¢)[E sin’(¢ +¢') [tosS' (¢ — @') }

Attenuation of T:_[ﬁ j[€003¢] 2 Ging Bind Boss & [% 1+cos(p-¢'") }
transmitted ray ™ |' 72 cosp i +7:)= 213ing Bing hosp 2oy S (¢ +¢') (€S (¢~ 9')




Simplified theory of ILLUME

Reverse light E(B)\
cpc LA
------------- H"_ ) %) .
= d
The theory of ILLUME establishes that the | “sc

radiance of concentrator in the inverse - inv (0,0) = 1o (0,9)

mode is proportional to its transmission rel
efficiency in direct mode!

How to calculate the radiance profile from 1

the irradiance profile on the screen? = |- (J,¢) = Erv, (0,¢) B——
Simply dividing by co%d) co<* o

General formula:

L™(3,9) _n(3.9) _
L™(©0)  7(0)

Irr;J\Il( ¢) — rel( ¢)

30
A detailed discussion about the theory of ILLUME mesented in the paper STUE2 of this Congress



Simplified theory of ILLUME (Angular resolution)

The screen must be far from the I
concentrator to increase resolution

Angular resolution (9

"
=" Np
A0 ==
Y, -
6
Scree screel
0,8
| TN
0,6
cpc
04+ TS-CPC \\ !
| | d=360cm
> e
0,0 .
0 '10'20'30'40'50'60'70'80'90

Emission angle (9

The angular resolution improves for
points on the screen with highvalues
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APPLICATIONS

OF DIRECT AND INVERSE

METHODS
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Ideal 3D-CPC — Optical Simulations

Inverse rays -

20-m distance

4-m diameter screen

A=~ 1

2000 01 T T T T T T T
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= om Y ] r(out) = 5mm | 1 <
o o] S e0 Axis tilt = 5° |
o] - r(in)=57.4mm| ]
o ! S 6 L=712.9mm | |
o -
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| E’ ] —@— Inverse method / ]
f 8 20
b
] o
] (@) 1 Acceptance angle = 5° ’
EEEEEEE ioht/Top 0

3,0 3,5 4,0 4,5 5,0

o

55 6,0

Incidence/emission angle (9

Map of irradiance distribution Optical efficiency curves simulated
for the direct and inverse method.

on the far screen and x/y profile.

\V

The inverse method requires one simulation!!
The direct method requires tens of simulations!! 33




ldeal 3D-CPC + mirror — Optical Simulations

The inverse method works well at any condition!
To demonstrate it, we put an object (a mirror) desthe ideal
concentrator and simulate again the direct and rseanethods

)

Map of irradiance distributio
on the far screen and x/y profile.
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The vertical profiles are equal !!!
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Half-Truncated 3D-CPC (HT-CPC) — Optical Simulations

Direct analysis (TracePro®)

HT-CPC 1 —
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Truncated 3D-CPC (T-CPC) — Experimental results

T-CPC
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Truncated and Squared CPC (TS-CPC) — Optical Simulations

Irradiance ma
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Truncated and Squared CPC (TS-CPC) — Experlments

Light projected on the planar screef] | °
e p e BOma,=0. :
| w o4 / \
Back illumination by an integrating sphe R
— ' Laser methoc
§ v L AB,,,,<0.8°
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Fresnel lens
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Radianza relativa

0,6

0,4

0,2

0,0

Refract“PhoCUS” Concentrator

CPC-screen distance = 380 ¢
Angular resolution: 1.0°

‘ . PhoCUS concentrator ‘
18 Inverse method exp. 18
d=380cm, 1=12.5mm
/ horiz. profile \
2 -1 0 1 2 3

Angolo di emissione (9

Horizontal profile
0..~0.75°/1.8°

acc
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The irradiance distribution
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The “Rondine” Pseudo 3D-CPC: The ILLUME set-up
r

Integrating sphere )
Rondine
\

-




The “Rondine” Genl 3D-CPC: Experimental results

Vertical profile Horizontal profile
0,..(90%)= 6.3° 0,.{90%)= 4.3°

1,1
The irradiance map on the screen™?’
S 0,9
S ]
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3™ ' S £ om0 \ — ‘ . . ‘ ‘
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Comparison between simulations 42

and experiments



The “Rondine” Gen2 3D-CPC.: Experimental results

_ CPC-screen distance = 229 ¢
§ ey Fon vy T s .
: o | Angular resolution: 0.4°

5102000 0213 PM
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0,9 -l MY -
S 0,84 _
T
<& 0,7-_ | ‘ 3 -
2z S 064 | profilo orizzontale | 1
o ~ j ; . ) :
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0,2 T 1 - e S : T 1
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Summary of results of acceptance angles

Ideal 3D- RONDINE Genl RONDINE
CPC TS-CPC HT-CPC Long side Short side Gen2
Method 50
90% | 50% | 90% 50% 90% o 90% 50% 90% 50% | 90% | 50%
Eff Eff Eff Eff Eff El(‘)f Eff Eff Eff Eff Eff Eff

Sim. | 45° | 5.0° 1.3° 1.9° 4.5° 5.1} 4.3° 7.5) 5.7-62° 8.5°

Dir.

Ex 1.1° 2.8

P (laser) | (laser)

Sim. | 45° | 5.0° 1.3° 1.8° 45° 5.1f 4.0-4.2° 8.1° 6.0-6{1° °8.6
Inv.

EXxp. 0.9° 2.8° 4.2-4.39 9.5° 5.8-6.3° 9.5° 5.00 8.0

Table 1. Simulated and experimental acceptance angles for seV@r@lFCs analyzed with
direct and inverse methods. Acceptance angles refer to 9@Pb@% of maximum efficiency.
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LOCAL ANALYSIS
OF
OPTICAL EFFICIENCY
(BY SIMULATIONS)
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Laser beam at the center of receiver
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Ring-shaped Laser beam at the center of receiver

and variable internal radius (constant
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RECENT DEVELOPMENTS

OF “ILLUME"” THEORY
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The absolute optical efficiency by ILLUME

Until now, the inverse method furnished
the relative optical efficienci

Mopt (0, @) = 14t (0) F155 (0, )

1

Now we show how to obtain also !
absolute efficiency at 0° incidence

_ L.(0) Is the average radiance of input
L. (0) <: a(t:perture at 0° incidence

Mop(0) =

Lrec <,i LrecIS the (average) radiance of the
receiver (Lambertian source)
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The absolute optical efficiency by ILLUME

0,0

LREC

Rondine-Genl



THE “DIRECT INTEGRAL METHOD”
(DIM)

Overall (integral) transmission efficiency
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DEFINITION OF NEW QUANTITIES
(Integral Direct Method)

We introduce also the following new optical quantities:

. 72 77/ 2
nin = ig;r = 20[ d@ Bing [0SO iy, (6) = 2[R, (0) Of dO Bin G [eos T (6)
0 0

dir

direct integral optical transmittance

72 /2
int — cl)gir —

a’ 2Dj d6 in6 [tosh [&r(6) = 2 (0) Dj dé [Ein6 [tose ('™ (6)
0 0

ir in
dir

direct integral optical absorbance

_ o 72 i
o = zf’n” =2 Djde [$ind [tos [p(6) = 2 [p(0) Djde [$ing [tosH [p™ (6)
0 0

dir

direct integral optical reflectance

, int int int _—
Where: g + Ay + POy =1
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SPATTAL DISTRIBUTION OF FLUX AT THE OUTPUT OF SC
(Direct Integral Method)

|deal concentrator (absence of absorptiory;;, (8., ¢,,) =0

0. =7°>0

Output flux spatially uniform!

max acc

\\\\\
uuuuu

uuuuu

0

Output flux spatially not uniform !

= 4°<0

nnnnn

max ac(

uuuuu

uuuuu

uuuuu

uuuuu

0., =7°>0

Output flux spatially not uniform !

max accC
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ANGULAR DISTRIBUTION OF FLUX AT THE OUTPUT OF SC
(Direct Integral Method)

|deal concentrator (absence of absorptiong;;, (8., ¢,,) =0

i
v AT YA AV e :7°>e
Un l max acc

Output flux Lambertian!

emax = 7 ° >eaCC

Output flux not Lambertian!

Fradiance Min:5 03852-009 Wim?, Max 6005 6 Wi, Ave 3276 1 Wim*,
RMS: 17253, Nomalized Flux0 32761 51023 Incident Rays

54



THE RADIANCE AT OUTPUT OF SC (Direct Integral Method)

ldeal concentrator (absence of absorptiog)(&,, ¢,,) =0

For anideal concentratorthe output flux isuniform and Lambertian .
Theoutput radiance is:

r in 2
o =D = 2w B 1 49 3in g E0sd (6) =
TT Ay, Auw 0
2
.= 20§, [T, 0 dOsing 2ost T (6)
0

Cyeo= geOMetrical concentration ratio

Non-ideal concentrator (absorption on the wat):(8., ¢,,)#0

For anon ideal concentratorthe output flux isnon uniform and non Lambertian.
Theaverage output radiances:

_ r(a) _ 72
[ = Do =207 [C,,, 0] dOSina60so 7, (6) =
TR, 0
. 772
.= 20, [T, 0] dfBindtosafL-a(8) - p(6)]
0

In general we have Egi‘;t(a ) < Lo



CONCLUSIONS

We have discussed two classes of methods of characterization of solar
concentrators: “direct” and “inverse”, distinguishing the way the concentrator
Is irradiated, if from the input or the output aperture.

The most important methods are the direct collimated method (DCM) and the
inverse method (IM or ILLUME).

The DCM is largely used to obtain the transmission efficiency curve of the
concentrator. It requires a lot of measurements at different angles of incidence
of the collimated beam.

We have demonstrated here that also the IM method allows to obtain the same
transmission efficiency curve of the concentrator.

However, we have also shown that the IM method is by far more convenient than
DCM because it requires only one image to be recorded by a CCD in order to
extract from it all the information about the angle-resolved optical efficiency of

the concentrator.

THANKS FOR YOUR ATTENTION ! s



