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INTRODUCTION
T

This report presents the results of the work performed by Spectrolsb,

Incorporated, supporfed by D. L. Evans, L. W. Florschuetz and B. D. Weod

of Arizona State University as consultants, for Argonne National Laboratory‘
unde;.Letter Subcontract 31-109-38-3191. |

?he Statement of Work for this program waS:

6bJectiVe: To evaluate for pﬁotovolfaic applications the use of thé

CPC désign as a field collector - in conjunction with a primary focusing

i
t

concentrator. The primary focusing concentrator may be a parsbolic reflector,
1 - .
' . . .
an arrey of Fresnel mirrors, a Fresnel lens or some other type.
v

1. %%lect several candidaté configﬁrations of such compound systems
.kﬁocusing concentrators/CPC field collectors).

. 2. Eerform anganalytié evaluation of the technical performance éf these
‘éystems.
]This evaluation should include consideration of:

é) Optimal concentration ratio.

e :

bb ‘Distribution of energy flux across the cell surface and how this
relates to ceil design and performance when used with CPC concen-
;i tratdrgl |

a) - Operatingftemperature of cell and method for rejecting heét;

. techniqueé for passive ambient air cooling aﬁd active fluid -

coOlingAshould be considered and evaluated.



3; Identify thé most promising configurations:and peéform a.cost effect-

iveness-study pertinent to coupling CPC concentrators to solar cells.
k. Prepare‘a report on the work performed under the above tasks, detailing
the results and conclusions obtained, and deliver ten copies of the

final report . to the Argonne National Laboratory prior to'30 June, 1975.

' This répoft consists of six chapters, of which this infrodﬁction is
the first. Tﬁé second chepter aériQes'design eéuatiéns for the CPC
secohda;y elémeﬁt in an optimum two-element concentrating systém, and
discusseés theAperformance of this two-element system and the choicé'bf
the primary element. The third chapter, w?itten by D. L. Evans of ASU,
presents thé”feSuits of ray-tracing céicu;ations to inﬁestigate the |
uniformity of iilumiﬁation at the absorber. The‘fourth chapter, written
by L. W. FlorScﬁuetz of ASU, discusées the heat transfer problem, especially
the use of thﬁ:CPC element as an exténded surface for heat fejeétidn to
ambient air..  The fifth chapter briefly relates,thé‘precéding‘resultsAto'
the cost—effecti?eness calcﬁ;ations previously performed by us under NSF
sponsorship.: Tﬁé final chapter summarizes our results and conclusions.
The program @aﬁaggr-for this program and the author of this report (except
for the third @nd fourth chapters) is F.T.C. Bartels of Spectrolsb.

.Most éf‘#he‘ﬁbrk repqrted here was done duriné aAberiod of four
weeks; and thg SHO?t time available for the program‘resulted in é less
well %ntegratgd‘report than we would have liked to-present. Fo£ ekaﬁ?le;
the réy-tracing calculatiohs in Chapter 3 assumed the CPC surféces were

parabglas; actuall& they are ellipses, as derived in Chapter 2, but the
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results of Chapter 2 were not available to Don Evans early.enough. The
difference is not important to the conclusions drawn,ﬁthéugh. We also
decided not to perform any new cOst—effectiveﬁess célculations for this
"report because we felt that we would not be able to improve on the
material already presentéd in oﬁr NSF report withaut detailed considera—
tion of specific system designs and applications, and there was noitime
for thgt.

| Optiealiconcentrators have beén extensively investigated iﬁ connection
with éystems'which ¢olleét solar‘enérgy for utilizétion in the férm of
thermal energy. . If photovoltaic cells are usea as.fhe abéorber, éirect<
conversion of part of fhe incident solar energy to élecyricity can be
achieved in a'§ery'simple way, and ﬁhe reméinder of the incident‘energy
is converted to heat and may be ﬁtiliged in that form. However; the
efficiency of photovoltaic conversion decreasés with increasing cell
tempeféture,‘and also, in'general, with'increasing illuminatiqn‘intensity
.due to cell and ipterconnect sefies resistance.

Taking thesebfactors into account results in a set of requirements

fof an opticai;concentfator‘for use with photovoltgic cells, which differs
considérably from the requirements of a solar—thermgl systemn. in bgrti—
cular, it islﬁe}ylimportant to éecure uniform illuminatidn of tﬁg abéorber,
since cell reéisfgnce losses are proportionai‘tolthé'lécal, rather fhan thev
average, illumination intensity. Previous work with single-element concen-
trators showéd that very large ratios of peak local to avérage‘inéénsity 

could be expected; the ray tracing of the parabolic trough (Chapter 3)
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yields a value of about 15 for this ratio, which is typical of calculated
values for several types of single-element concentrators.  Measured values
are lower‘because of deviations from perfect figure; but are still high
enough to be very trouﬁlesdme to the designer. The CPC or "Winston"
concentrator is much better in this regard; the ray tracing inAChapter 3
yields a ratio of about 3. Howéver, the CPC is quite uneconomic at concen-
tration ratios of 10 to 50 which are the most cost-effective.

,The ray trading calculations show that the two-element systemlconsist-
ing of a parabolic,trough and a CEC (compound elliptical concentrator)
‘provides avlocal/average ratio of 1.2 for on-axis illuminatiéh; ldff—axis

ray tracing was not completed in time for this report; the ratio is ,

slightly worse, but not so much as to present a problem. The dempnstration

that excellént.ﬁniformity of absorber illumination can be pbtained in a
low-cost concenfrator is the most important resulf of this programn.

In all Other respects investigated, the two-element concentrator is
- alsc an attraétive choice. We therefore have no reservations in recommend-
ing that moré:éffort be expeﬁded on this design conceﬁt.

‘The authprs'of this report gratefully acknowledge fhe éontributiqns
of Dr. Roland Winston to the work preséﬁted here. Dr.‘Winston generously
made availaﬁle to'ﬁs his latest work in advance of publication, andvalsQ
‘other ANL work:which we did not know existed. The iﬁportanée of ﬁisz

contributions is evident throughout this report.




CONCENTRATOR DESIGN EQUATIONS

We desire to determine the design barémeters and performance of an
optical system for solar energy éoncentration consistiﬁg of a parabolic
trough and a‘sécohdafy concentrator of the "Winston" type. A cross sectioﬁ
of the system to be analyzed is shown in Figure 1, which also defines the
symbols used. |

Directvsoiar radiation is.incident upon the primary mirror P from
the right; and is considered to be contained within an anguiar'field of
view ¥ 8. Rays incident upon tﬁe primary mirror at its edges'F, F' are
deviated thrdughlan.ahgle 8. The aperture Cce' of the.secondary element
is placéd at thgvfocai‘point of the primary, and EEW is taken Just'large
enough so that dil direct solar radiation inéident upon the primary mirror-
enters the apgfture. |

'We desi;é‘fo determiné'the surfaces S, S' subject to the conditions
that all of the.direct solar radiation énterihg the aperture EE* will
strike the absbrbér fﬁf; and that>isotropic diffuse radiation reflected
from'the‘pri@ar&_mirror will also be concentrated by the secondafy eleﬁent
to the maximﬁm extent possible. Winston (1) has shown that maximum concen-
tration of diffuse radiation from a source of limited length at'a finite
distance from'the concentrafor aperture is achieved if S ahd S':afe:}‘

segments of ellipses with foci at F, F and F', F' respectively.




We can therefore write: |

q=TFC="F'C' = (m+1) csc (6 +§)
p=FC' = F'C = (m -1) csc (6 -8)
r=CF =C'F'

Q+r=p+r+2 g1

N
i N}
[f}

(q jp)

which confirms the coﬁservatidn of phase space in the secqndary concen-
trator, as shown:by Winston. ﬁote that'the haif—aperture of the secondary
concentratof:i; taken as unity, so that #Z is the concentration.féctor‘of
the secondafy‘éiément and (m —l).is thé concentration factor of thé primary
element, alléwing for the shadowing effect of the secondary.

After a little manipulation, we find:

m = sin 20 ¢sc 26

2 = cos 8 csc 8

The total cdncentration factor is

M=g (m-1)

The.lenétﬁ‘of the secpndary'element_is

y = (3 +1). / 2 tan (6 -6)

and thefépgéingvbetween the aperture plénes is

f=mectn 6

The value.df @ for which M is a maximum, for a given §, can Bé found

from the relétionship




2 sin3 6 = sin 26 cos ©

and substituting the wvalue of 8"thus found into the preceding
equations defines the geometry of the optimum cencentration system.

Teble I gives’the calculated values of the optimum design parameters
for values ef § between 0.256 and 10°. These values are also plotted in -
Figure 2. TableAI also gives, for comparison purfoses, the concentration
factor M ~and length Yy of a s1ngle-element CPC and the concentration
factor Mp of an optlmlzed parabollc trough alone (6 = h5°), calculated
for the same values of § and effectlve primary aperture 2 (m il)
for the-two-element system. For the largest values of § llsted in Table I,
the two—element concentrator de51gn is probably more. costly than a trun-
cated CPC. However, for concentratlon ratios above 10, the two-element
design'provides7&lmost as much concentrasion as the ideal concentrator,
while fequiring msch less reflecﬁive,surface. In fact, for small ?alueS»
of 6§ the twoeelemenf concentrator ?equires 1ess reflective sﬁrfaee than
en optimum pefabolic trough of equal aperture, while providing ﬁearly twice
the copcentrafion.

Little change in overall performance results if an-off—optimum
choice of de51gn parameters is made. Table II gives calculated parameters
of two sets of designs. The first section of Table II shows the results
" of varying e.froﬁi5° to hS°, choosing the remaining parameters for,a:value
of ¢ = 16. 'TheJSecond section shows the resulf of fixing 0 =<30?,_wﬁich
essentially fixes,the design of the secondary element.for small 5; Fer
§ = 1°, the offeoptimum design with 6 = 30° yields a»concenﬁration ratio

83% of the ideal, while the optimum two-element design with 6 = 1k.86°
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i
attains 90% of the ideal.

Table II thus shows that the entire range of interest of § and M

can be covered quite well with a single secondary concentrator element,

scaling the‘primary.mirror for different values of 6Aand M. This is an
important prgctical consideration'for a8 number of reasons. The most
important ié that the secondary element, because of its small size, cen
be fabricated as an aluminum ex#rusion, tﬁus providing the reéuired.
structura.l support and heat transfer surfa.ce for the photovolta.ic cells
as well as the additional opticql concentration at very low manufacturing
cost. Thisiéést advantage would not be obtained if it were necessary to
design and ﬁbbl for a large numﬁer'of secondary eleﬁgnts in orderlto
cover all appligations.

Finally, we note that the primary element is specified only by the

. parameters m and 6, Although we have not made detailed calculations, it

is appargnt that primary elements other than a parabolic trough could be
used witﬁ a similar improvement in performancé. Tﬁe choice of primary
element shoﬁld‘be madé on the basis of cost per unit aperture-érea, and
on the required éharacteristics specific to a given application. Since
the availablg timg does not‘permit us to develop designs and cost data for
specific appiiéétioné, we can only suggest some possibilities for future
consideration.*."

Tabor aﬂdiZéimer (2) nave considered‘the circular trough, and Béﬁm
and Strong (3)"hé§e compared the performance of a two-element éystem
consisting of‘a sbherical primary and an ellipsoidal.secondary to a

single-element paraboloid. These results suggest that the aberrations




associated with a circﬂlar or spherical primary can actually be used to
advéntage in & two-element system. In addition, & circular primary is
probably less expensive to manufacture.

- Tabor (h) has alsa cbnsidered using the primary parabola off-axis to
eliminate shadowing. -For 6A= 7.5°, Tabor calculated that an optimized
parabolic trough with the absorber located off-axis would attain a concen-
tration ratio of 3.2h,‘compared to 2.86 with the absorber on-axis. By
adding a plané mirror as a secondary cpncentrator, the attainable concen-
tration factor was increased to 3.69. ' If a CEC concentrator i; used as a
secondary elémenf in the on-axis configuration, the maximum conéentration_
factor is 4.7 (from Figure 2) using a CEC with a concentfation factor
of 2.05. ?In:the off-axis configuration wifh the same CEC concentrator
an overall conceﬁtration factor of 6.1 is attainable,.using Tabor's
equations fof‘thé off-axis parabola. This suggests that-tworélement
systems with.off;axis mounting of the secondary may be attractive for the
~large velues of 6 agsociated with non—fracking seasonally-adjusted concen-
.trators.

The fixed‘mifror solar éonpentratorproposed by John L. Russéil, Jr.
of Genersal Atoﬁic-Company might aléo benefit from the addition of a CEC
as a secondary element. The Russell concentrator (5) uses & fixed
Fresnel-type mirror and 8 moveable'collector to attain concentraﬁion
ratios as hishiasmholto 50. However, such a high ratio requires a large
number 6f mirfﬁi,facets ﬁith highly accurate alignment,,whicﬁ conflicts

with the intended objective of meking the primary mirror very-inexpenéive.



Tﬁe addition of a CEC should relax the primary mirror specifications and
lead to cost savings.

In some applications lenses may be preferred to mirrors. Fresnel
lens can be made quite cheaply from glass or plastié by molding processes;
with acceptable aécuracy for solar concentration purposes.. For a single

lens, ideal performance would require a relative aperture of £/0.5

~which is the‘theoretical limit for a lens. Single—iens concentrators are
probably impractical beyond £/1.0 because of large losses from internal

‘reflectionf 'Thetaddition of a CEC secondary element should pérmit‘near-

idesl performancé to be obtained from a lens of practical relativelaper—
ture. Also, linear Fresnel lenses exhibit a defocusing problem (6) not
exhibited by reflective linear c§ncentratofs; this is illustrated in
Figures 3, & and;S, Meridional rays not normal to the lens plane are
focused at a ﬁoiﬂt closer to the lens than normal rays, leadiné to a loss
of energy froﬁ the outer edges.of the lens as the sﬁn moves away from
the lens normél. It would appear that the addition of a CEC secondary
element would eliminate the effects of this behavior.

Thus we feé1.that, in addition to the parabolic ttough in thé on-axis
configuration'énalyzed in detail above, other choices of the primary
element which’@ight be best in a particular situation are the cifcular
trough, fixed Fresnel mirror and Fresnel lens. Both the circular'ana
parabolic frbughs;might also be used in an off-axis configuration. The
three—dimensiéﬁal analogs of these two;dimensional elements cgld'aléo
be added to the list. Practical desigﬂs for each of these primary elements

fall far short of ideal performance and therefore their performéhce can
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be significantly improved by addition of a low-power CEC.
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GEOMETRY OF TWO-ELEMENT CONCENTRATOR
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TABLE I: PARAMETERS OF OPTIMIZED CCNCENTRATORS

s o n 2 r ‘£ M Mp M Yu
0.25°  9.36° 3679 6.5 725 223.1 - 22000 113.6 229.2 8238
0.40° 10.95° 26.71 5.26 6.3  138.1 135.4 . 70.6 - 143.2 3708
0.64° 12.81° 19.35 h.si - 5.6T7 85.1 82.8 43.8 89.5 - 1661
1.0° 1k,86° 14.21 3.89 5.10 53.6 51.5 27.7 57.3 770
i.6° - 17.38° - 10.21 3.35 4.60 32.6 . 30.8 16.9 35.8 339
2.5° 120.16° 7,&2 . 2.90 k.23 20.2 18.6 10.5 22.9 153

400 23.55° ' 5.6  2.50. 3.94 12.1 . 10.6 6.19 1.3 65.2
6.4°  27.48° 3.70 2.15 3.80 7.11 - 5.81 3.5 8.97 26.8

10° $31.73° 2.62 ~  1.87  3.85 4.2k © 3.03 1.92 5.76 10.8
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TABLE II: -PARAMETERS OF OFF-OPTIMUM

. CONCENTRATOR DESIGNS,

Designs for & = 1°:

8 m z X f M

50 4.98 1.5 1505 56.9  '.-h5.6'
T0° . 9.80 . 5.T6 7.41 55.6  50.7
15° -  i4é3 . 3.86: - 5.05 53.5 51.5
200 18,4 2.92. 3.69 ©50.6 50.9
25° 22.0 2.37 - 3.05 N 49.6
30° 24.8 2.00 2.60 43.0 47.6
35¢ 2.9 1.7k 2.25 38.5 45.2
koo . - . é8,é ' 1.56 1.96 33.6 k2.3
450 ~28;7 1.k 1.71' 28.7 | - 39.1

Designs for g = 30° (g = 2.00, j~= 2.60): -

8 n £ Mo M/ M
0.25° 99.2 171.9 196.5 0.86
0.ko° 62.6- 107.4. 122.1 0.85
0.64° 8.8 67.1  T75.5 0.8l
1.0 2L;Sf‘ B 13.0 47.6 0.83
1.6° 15}51 , 26.9 29.0 0.81
2.5° '§.9h | 17.2. 17.9 0.78

4.0° 6.22 © 10.8 10.4 0.73
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ABSORBER ILLUMINATION

One of the'main problems encountered in the concentration of sun]ight
onto silicon solar cells is series resistance in the cells. Unless cells
having very low resistance can be déve]oped; concentration ratios wili be
severely limited. Concentration devices which produce non-uniform intensity
distributions on the cell or absorbef are particularly prone to this
problem, since the local high tntensity spots play the major role in
determining cell resistance.

It is imﬁortant, thefefore, tb determine the intensity distribution on _
each potentié] concentrator device. In the present study, which is con-l
cerned main]y'with seasonally or daily adjusted concentrators (non-
diurna]]y trackéd), three systems have been analyzed. These are the
parabolic trough (PT), the compound parabolic concentrator (CPC), and the
combination systém consisting ot a parabolic trough as a primary con-

-

centrator with a CPC 'secondary concentrator (PTCPC). The results presented,

.although for perfect'mirrors, do provide some interesting insight regard-

fng their potential performance. Ray tracing techniques have been used

to analyze the‘ihtensity distributions.

RAY TRACING

Discussed here are the concepts under1y1ng the ray trac1ng ana1ys1s.
Time did not perm]t the tracing of rays that undergo two or more reflections

in the CPC but, as will be seen, this would not affect the conc]usions

__extensively.

We adopt thé notation displayed in Fig. 1. The rays ffom the outer

edges of the solar disk (marked "inner" and "outer" ray in Fig. 1) that
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intersect at a point on the mirror surface form a cone both before and after
reflection. The focal plane, which is perpendicular to the axis of‘sym~'
metry and passes through the focus of the parabola, intersects this cone

in an ellipse which has a major axis of(yi - y.), where Yj and Y, are

0
both measured positive upwards along the y axis from the focal point, and

a minor axis of (2r sin ¢S). Here

- =
r tan ¢ sec o
yi= ¢ ,
‘ (1 + tan ¢ | tan 6 |) .
> for |e|< 90°
_r tan ¢, sec 6.
Yo =t T/ »
S (1 -tang¢ | tan 8 |)
-
3-r tan 47 sec 6 h
Yi = =
1 - tan ¢7 | tan o |
: >> for |o|> 90°
-z r tan ¢, sec ©
Yo ©
1+ tan ¢, | tan o | -J

where the tbp.signs apply for o0 > 0 and the bottom signs for & < O.

Also, normally,’
bs 3 41 = 8

is the half angle subtended by the sun (16 minutes of arc). The equation

for this ellipse in terms of coordinates Z (measured'aldng the focal line,
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i.e., normal to the plane of Fig. 1) and. y measured upward from the focal

line in the focal plane is

2 y +y.
Az. +[y+_o_.2..__l.]2=.]
a
b2
where a = r'sin ¢, v r ¢, and p = l(y.0 - yi)/2|

The intensity of radiation'réaching the absorber at location y is

given by:

pIs cos edAA/r2

I(y) =[

where 1. is the solar intensity reaching the aperture, AA’ and p is the

B ref1e¢tiVjtyﬂbf1the mirror surface. Here we have used r, the radical

~ coordinate in the denominator, in place of

V r- o+ AZ

whefe AZ is the axial disp]acemént between the view

point and the infinitesima] area dAA, for reasons to be justified shortly.
We have a]so'sét:the cosine of ‘the angle between the normal to:dAA.and
theAdepartihglray equal to 1, as will soon be made apparent. . In‘cy1indica1>
coofdinates;'dA = COS yrdedZ/coé (|e] +y-m/2) where, for the parabola,
r=2f/(1 + cos Q). Gamma (y) is the angle between the mirror surface

at point r, 6 and ‘the x axis; i.e.,
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For a solar disk of cons nt intensity the integration over Z at a

constant » nc . be shown to yield

(y -

2a 1- >
b?"

yO + Y1)2

This stems-from the fact that any one location on the absorber can see only
the overlapping ellipses that result from points.(for which 8 = constant)

that extend.a distance of

z=2aV 1= (ly - (y, *+ y;)/21/b)°

on éither side of a transverse_b1ane through the view pdintvon the absorber.

Thué, the earlier assumptions that

\/r—__

+ AZ

ag that the cosine of the angle between the aperture normal at dAA and
thegdeparting ray is equal to 1, -are justified.

‘The intensity I(y) becomes

i o

0.
2 .
- +Y .
I(y) = 2o, —‘H \[1 - L(Y ])f/b]z sin y X

] | 'A " sec ﬂ61 + &-——%)cos ede/r‘
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r/f = 2/(1+cos0).

where we have used the nondimensional variables Y = y/f,_r‘

By performing this 1ntegration for various values of Y, the intensity

‘distrubition in the focal plane can be obtained.

The Parabolic Trough

The result of applying the derivation of the previous section to a
45° rim angle parabolic trough is sthn in Fig. 2. The local conéentration
ratio (i.e., local intensityon the absorbér compared to the solar intensity
at the mirror aperture) is shown as a function'bf the nondimensional |
distance Y = y/f. The present results differ substantially frpm those -
of Ref. 1 dueftévthe fact that their ana]ysié is for a sun that is repre-
sented by an infinite strip-ané not a disk, although they state that they
are using a Constant Antensity'disk. “No shading of the mirror surface by .
the absorber Has been considered here'although further extensions could
incorporate‘fhfs-factor.

Off-axis ﬁerformance of the same trough is represented-in Fig. 3 for
2.,5° off—axis operation. This was-ana1yzed usjng the previous ray tracing
aha]ysis but considering the rays from the sun to have -two exfremes
repfesented by‘two different ¢i's for 6 > 0 and two different ¢2's for
8 < 0. This“alléwed the location of the éﬂlipses to be determined above
or below thé,axisAof symmetry of the mirror.

'Image qua]iiy for off-axis operation is seriously dégraded.- The spread
andfskewness of the intensity distribution increases as the rim angle
1ncreases. Tﬁese resu]té show that a 45°‘rimbangle mirror used as (at
most) a daily adjusted concentrator would provide a concentration of about

11.3 during any projected 2.5° north-south movement of the sun.
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Non-uniformity of the image during any collection period is extreme.
Such illumination patterns are tolerable for thermal systems but very
undesirable for photovoltaic systems due to the series resistance problems

mentioned previously.

The Compound Parabolic Concentrator

The operation of a CPC having an acceptance angle of 2.5° was analyzed
for comparison with the parabolic trough. Figure 4 shows the schematic

(2)

of -the device. As poihted out é]seWhere the depth of such small accebtance
angle I.'1'dea‘1"-cohcentrators is extremé; necessifating large amounts of |
material for éonstruction of the reflector. Thé fay trécing consisted of
a modified veféion of that discussed prévious]y. Since the absorber in
thisAcase is-nearly in the focal plane (it is only 2.5° out of the focal

plane), the ihtegra] given in Equation 1 was evaluated between a lower

limit of o 5.90° and an upper limit of 175°. Only the intensity on the

-portion of the absorber for y > 0 was considered. The tracing did not

properly trace rays that were réf]ected two or more times oh'their journey
through the device. It did, however,~frace these rays under the assumption
that they would pass through the reflector surfaﬁe unchanged on their second
encounter with the surface. |

Figure 5 ShbWS the results of operating the CPC with its aperture

perpendicu1af to the central rays from the sun. This amounts to using the

device 2,5°'bffAthe axis of one of the parabolas that make'up the reflective
sides. Therefore, as in the case of the off-axis PT, two different P
differing by 32 minutes of arc were used to trace the edges of the solar

cone through its intersection with the focal plane.
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The.intensity distribution does not go to zero at the edges of the
absorber due to the rays that would normally undergo two or more reflections

but which were not allowed to do so. These "tails" were found to be

quite wide, exfending out on boih sides of the absorber almost half the

aperture width. In operation, the energy in this "tail" would, after
suffering reflection losses, be distributed over the absorber area changing
slightly the distripution on the absorber shown in Fig. 5.

An intensity distribution for operating the 2.5° acceptance angle
CPC at the extréme of its acceptance is also shown in Fig. 5. A nearly
symmetrical second half of the distribution (not shown) impinges on the
reflector which édjoins the ébsorber at the peak of the intensity distri-
bution. The angles may be such that some of this energy gets eventually
to the absorber; but this was not investigated.

Thi§ device has a more uniform intensity distribution than the’
parabolic troqgh especially at normal incidence. However, approximate]y.
500 times more material is required for the CPC than for a PT which wou]d}
give rise to a signfficant cost penalty. Also, surface slope errors arising
in manufactufing, combined with the long distances the ray§ must travel, |

would most probably give rise to significant Tosses.

PTCPC |

We now {nVesfigate the intensity distribution for the PTCPC. The PT
is assumed fb have a rim angle of 20.2° (which corresponds to an aperture
of ].159f).1 Tﬁe intensity distribution in the foca] plane ofAthis primary
concentrator is shown in Fig. 6, for both on-axis and 2.5° off-axis opera-
tion. The distribution for off-axis use is clearly not as skewed as that

shown for a 45° rim angle mirror in Fig. 3, due to the decreased rim angle.
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The aperture of the CPC must therefore be at‘]eastio.lodf wide, and
the acceptarre ‘angle must be at least 22.7°. Usiﬁg these values, the
depth of the CPC must be 0.172f and the absprber width 0.04f, where f is
the focal length of the primary mirror. -

The intensity distribution a distance of 0.172f behind the focal
plane'of the PT (i.e., in the plane of the absorber of. the CPC) can be
easily obtained by foi]owing the cbne of rays frbm their intersection on
the primary mirror surface at angle 6 (see Fig. 1) on through their
infersection with a plane Tocated behind the focal plane. Figure 7
shows the geometry for such ray tracing.. The extremes of the ellipse now

cuts plane A at points B and C and giVing a semi-major axis of

b = 3|(Lltan (6 + ) - tan (s - 67)] + y; - yo)

"By sitting at one location in plane A, one can now sum up the contributions

from ellipses fof all possible e's that overlap the viewing point, in

much the same way as was done brevious]y in the focal plane. Figure 8
shows the results of such a calculation for both on-axis operation and 2.5°
off-axis operatibn. No shading of the primary concentrator by the'CPC‘

has been considered. The chosen secondary CPC would reflect the portions
of this intéhsity distribution beyond |y| = .02f onto an absorber located
at |yl< .02f9’ |

A schematic. of the CPC for this design is shown in Fig. 9. Ray tracing

" to find the fina1 intensity distribution on the absorber was carried out in

the following way. First, all rays for on-axis operation were assumed to

enter the CPC at the center of its aperture. As can be seen from Fig. 6,
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this is a good, but nof exact, approximation. Then, at 0.5° increments

. off thé CPC?center]ing, rays were traced from the center of the aperture
to both their interseétion with the.parabolic"reflector (e.qg., poihts'

A, B, C in Fig.'9) and with the plane of the absorber (points A', B' C'
in Fig. 9). The reflected rays originating at thé reflector were then
traced until they intersected the absorber (points A", B", C" in Fig. 9).
The rays strikingAthe absorbér directly (e.g., the ray'striking point D
in Fig. 9) do not undergo reflection. This ray tracing, done by computer,
thus prbvidéd information on how to shift the intensity distribution for
ly|>0.02f in Fig. 8 onto the absorber located at |y|<0.02f. That is,
poihts‘A'; Bﬁ, C' map onto points A", B",\C".. Iﬁ shifting the intensity
distributiqn, the magnitude has to be.increas§d<or decreased by the ratio
of cos'Q"/cqs,Q' whefe Q' is the angle of incidence of the rays at the

- absorber piaﬁe if they wereAq1lowed to pass thrbugh thelreflector (e.qg.,
at points A', é', C') and Q" is the angle of incidence of the rays at

the point where they strike the absorber (e.g., at points A", B", C").

" The extrémely small difference in path lengths has.been ignoreq;

The ‘intensity distribﬁtionlwas'then recbnstructgd‘by hand using the
mapping and angle of incidence results obtained from the computer.l Figure
10 shows‘thé'keconfigured distribution. It is more uniform than either
“ the PT or the CPC used as single element concentrators. Neither reflectivfty
losses nor shado@ihg of the primary mirror by the CPC has been_considered.
The intensity in the “wings" (i.e., points |y|>0.02f) of the distribution
are, in rea1%ty, reduced in magnitude by (1-R), where R is the ref]ectivi;y,

before being réflected to the absorber. Shading can be accounted for by
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subtracting out the intensity distribution due to the shaded apex area

of the primary mirror, for'thié design‘f 2.86° on either side of the axis

of symmetky through the apex and the focal point of the PT primary. Figure

N shows the results of considering shading for the design considered
here.  The distribution is more uniform than that shown in Fig. 10.

'An.invest%gation of the off-axis performance of this PTCPC was started
but time did npt'permit its combletion. These studies did show, however,
(a) that double reflection does occur for some rays, and (b) that some

local high intensity poihts can be expected to occur.
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COOLING CONSIDERATIONS
INTRODUCTION

A pre]iminéfy exaﬁination of the potenfial effectiveness of techniques
for passive cbo]ing to'ambient air and forced water cooling of solar cells
coUp]ed with CPC concentrators has been performed. . Efféctive thermal
conductance values for several illustrative a]ternative configurations
have been calcU]ated. These results, along with ah indication of their
re]afionshib to cell output over a range of irradiation levels, are
described and discussed in the following parégraphs.

A simple mﬁde] combining ﬁbb]ing system and cell performance character-
istics can be deve]oped if ft is assumed that the soiar irradiation and
heat rejection.are uniform over the ébsorber surface, and that the heat
rejection rate is proportional to the temperature difference betheen the
cell and ambient air for passive cooling, or between cell and coolant
for active cooling [1]. In addition, it is assumed that the cell efficiency
decreases 1jnearly with temperature. Such a model, though quite simple,
is also quité useful for preliminary assessment of cooling schemes and
basic system.éimu1ation. | |

The above noted assumptions, combined hith an energy balance on the
absorber, lead to the following result for cell powér output, P, or cell

efficiency, n, in normalized form:

aqcB,
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P .0 = © . (1)
Po N adsBy  Ac ng
1- (= (= )
e a




. II‘I"IIII

Here P, and n, are the power output and cell efficiéncy-which would exist

if the cells were at the ambient air or inlet coolant témperature;ATo.

qs s the solar irradiation seen by the absorber, Ac/Aa is the fractional
cell coverage of the absorber, and o is its effective solar absorptance.

Ke is the effective thermal conductance, defined as the heat rejection

rate per unit absorber area per unit temperature difference between cell
and ambient for passive cooling or between cell and coolant inlet for

active cooling. The defining equation for Ke is Q = KeAa (TC - TO). Bo
is the fractional decrease in cell efficiency per unit increase in cell
temperature, ‘given by B, = (TZ _ To)']bwhere‘T: is the cell'témperature
at which tHe efficiency dropsltoAzero (v 270°C for silicon cells). |
For passivé'cooling schemes, both cell témperature, TC, and ambient.
temperature, To, may be considered uniform over the absorber area.
In such a case“Ke will be 1dehtica1 tb the local ‘thermal conductance,
which ordinarily may be considered uniform over the absorber area.
For actfvé cooling, T, represents the coolant inlet temperature.
As the coolant flows past the heat transfer surface, its temperature,

along with the local cell temperature will rise. For such a case TC

represents the mean cell temperature and K, may be calculated from

Ke _ 3 ' : '
kTR, - @

where m and c are the mass flow rate and specific heat of the éoo]ant fluid.

Here K is the local thermal conductance, referred to absorber area, for



heat transfer across the local temperature difference between cell and
coolant. Equation (2) is valid for uniform heat.rejection'and uniform K-
over the absorber area. An additional condition is thot the coolant
temperature rise a1ong its flow path be Tinear. This is an excellent:
approximation for coolant f]ou along a duct such as hight be used for
active cooling of cells coupled with a two-dimengional CPC.

A generalized plot of Equation (1) is shown in Fig. 1. Note that the '
paraﬁeter Ac“o/ Aaa is secondary in its influence on P/P .

Based oh Equétton (1), the effect1ve therma] conductance vs. solar
irradiation is shown in Fig. 2 for silicon ce]]s, with output at various f
fract1ons of that for the limiting case of cells operating at ambient
airlor coolant inlet temperature

Cell output per unit absorber area as a function of solar 1rrad1at1on,
again for s111con ce]]s, is shown in Fig. 3 for a range of values of
effective thermal conductance. The limiting case of infinite thermal
conductance corresponds, of course, to P =.P0. For a g{uen thermal
conductance the power output passes through a maximum as the irradiation
level is increased. It may be shown [1] that to a good approximation this

maximum is g1ven by P = 0.5 Po; indicated by the dashed line in Fig. 3.

max
PASSIVE COOLING ;

For 1n1t1a1 assessment of potential performance for passive cooling
of solar ce]]s coup]ed with a two-dimensional CPC, three configurations
were se]ectedgas shown 1n'cross—sect1on in Fig. 4. Configuration A is a
basic CPC with no extended surtaces added for augmentation .of heat transfer,

except for the reflector surfaces which are already inherent to the CPC
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design. Configurations B and C include longitudinal fins. The material
assumed is a1umfnum alloy 6063-T5, with a thermal conductivity of 209 W/m °C
at 25°C. Each of these configurations couid presumably be manufactured

by an extrusion operation. The particular fin designs indicated are

not optimized in any particular sense, but were selected as reasonable

for illustrative purposes and because some empirical information on

‘_convective heat transfer coefficients for these finned arrays was available

[2,3]. Since fhe CPC is to be considered for use with a primary reflecting
surface, a constraint used in the seTéction of arrangements for heat
transfer augmehtation surfaces is that they shou]& not block incoming |
solar radiatibn from reaching the primary concentrafor to an extent greater
than the blockage caused by the basic CPC.

For evaluation ofieffective thérmal conductance, K, under natural

convection conditions the inverted vertical orientation shown in Fig. 4

. was assumed -on the basis that the CPC would be the secondary concentrator

in a system whose major axis is east-west. The vertical orientation
approximates that which would occur for summertime operation when ambient
temperaturés aFe highest.

For conSidering forced convection conditions, that is the effect of the

" presence of wihd; cross-flow normal to the axis of the CPC was assumed

as a reference condition. |

Even for suéﬁ a re]atfve]y §imp1e geometry as flow in a circular tube
the predictionvof convective heat transfer is usually considered to have
an associated_uncertainty of about + 20%. For the more complex geometkic

configurations under consideration here, it must be recognized that the
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uncertainties are even 1argef, especially when coupled with the fandom
nature of'actual wind patterns. Therefore, prediétions of effective
thermal conductance values for such cases must be regarded as subject‘to
verification by system tests under field conditions.

In the computationa1 model uti]izéd it was assumed that the temperature

of the absorber base plate into which the heat initially flows (dimension

a" in Fig. 3) was uniform and'equalﬂto the cell temperature. For passive‘
cooling the thermal resistance across the adhesive bond between cell and
base plate Wii1 be at least an order of magnitude Tess than that between‘
the base plété hountiné surface‘and ambient. IndiQidua1'ﬁeat transfer

coefficients were assumed uniform over each surface of each type of element

(i.e., reflector wall, base plate extention, finned array), but‘temperatUre

variations along these elements were accounted for by calculation of an
appropriéte:fih efficiency. In calculating these fin efficiencies tempera-
ture gradients across the thickness of the elements were neglected.

The confribution to the het heat rejection rate due to infrared

radiation was inciuded. Under natural convection conditions it accounts for

over 50% of the total heat rejection. It was not linearized, but ca]cﬁ]ated
according tofthé Stefan—Bo]tzménn fourth power law. The radiation surrounds
témperatureiW?s taken as 25°C for these calculations. All surfaces were
assumed to havelén infrared emftfance of 0.9 (the appareht emittance in

the case 6f tﬁefinnéd surfaces). This value would not belappropriate for
the inner surfaces of the reflector walls, if these were first suéface
mirrors, but Wés utilized for them anyway to simplify fhe computational

model. Since these surfaces see each other and the absorber surface as well
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and the average temperature level con£inues to drop further below the
cell temperature level.

The effect under calm air conditions of adding finned surfaces is
illustrated in Fig. 6, while a similar comparison for the case of a 3 m/é
wind is shown fn'Fig. 7.

WATER COOLING

'F?gure 8 shows two configurationé for forced water cooling. Assumed
flow conditions and thé results of evaluation of effective thermal
conductance values are also summarized. In these cases, all heat rejection
was assumed to occur to the cooling water. Here the effective thermal
conductance is éssentia]1y independént of the absorber width or size ofAf
the associafed/CPC. After determination of the local conductance, K, :
assumed unifofmnalong thé absorber, K, was computed from Equation (2).

In detennination of K standard convective heat transfer correlations for
turbulent f]bw in channels were utilized. K also includes the effect of
the cell/heat-sink boﬁd thermal resistance assumed to be 0.25 m?°C/kw.

The effect of nonuniform heat input afound the periphery of the flow chan-
nels was accounted for by uti]fzing an equivalent fin efficiency applied
to those portions of the channe] periphery not directiy opposite the cell

mounting surface.

EFFECTS OF COOLING SCHEME ON CELL OUTPUT

Utilizing some of the results for effective thermal conductances
discussed in thé preceeding paragraphs, Fig. 9 was constructed as an illustra-
tion of a compérisonAbetween passive cooling and water cooling as it affects
output for silicon cells coupled with a CPC. Cell output as a fraction df

that for cells at ambient temperature is plotted as a function of irradiation
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level. Note that if one sun is taken as 1 kW/mZ, the scale on the abscissa
may be interpréted as an energy concentration ratio. These results are

1 . .
, and Acno/Aaa = 0.15.

based on Equation (1) with o = 0.8, 8, = .0041 °C”
The solid curves represent.passive cooling for configuration C with a
wind speed of 3 m/s, for a range of absorber widths. The points on these
curves represent relative operating paints correspondfng t6 primary collector
surface apertures fixed at the several values indicated. If an initial
desigﬁ constraint is a fixed primary aperture width, e.g., Im, then
performancé is similar for a range of absorber widths. This illustrates

the point'tha; while effective thermal conductance values are smaller for

the larger absofber widths, comparative performance with a fixed primary
aperture will Bé somewhat bettgr since the irradiation level fd‘be accom-
modated will be smaller. |

The dashed curves represent water cooling for cases B and C as sum-
marized in Fié. 8.. The curve for cases A and D, if shown, would fall
between those'shown for B and C. It shoy]d be noted that for water cooling
with a recircu1éting system an additional temperature drop between coolant
and ambient would be required for final heat rejeétion. The dashed curves
are adjusted for a difference of 25°C between the coolant inlet temperature
and ambient aif. This difference should be large enough to allow for
natural draft dfy cooling for final heat rejection, eliminating the need
for fan power. There is still, however, a power réqtirement for water
circulating phﬁbs, but this should be relatively small.

It appears from this comparative illustration that from fhe standpoint

of cell output water cooling is the most advantageous, increasingly so




’ ‘ as irradiation levels become iarger. However, passive cooling performance
| may be improved foAsome extent by optimizing,under field conditions, thé.
he{ght and aspect ratio of the straight longitudinal finned arrays
li : considered here. A difficulty is that as fins are made higher and spaced
more closely to gain surface area, Tocal heat transfer coefficients iend
to decrease due to:adverse1y modified local flow patterns. Improved per%
\i ~ formance could unquestionably Be achieved by the use of transverse strip
fins orvpinAfihs, but manufacturing costs would be increased over those
“for simple extrusion of longitudinal fins.
anaTiébﬁéfuéidns regafding péssfve vs. active cooling must also take
into account thé'eomplex considerations of type of application, siting
(e.g., what wind conditions exist during co]]ectidn hours), re]ativé costs,,

reliability, effects on overall system design, and system control during

operation.
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COST-EFFECTIVENESS CALCULATIONS

The 1975 annual report to the National Science Foundation under
NSF Grant GI-4189L4, "Terrestrial Photovoltaic Power Systems with Sun-
light Concentration" by Arizona State University and Spectrolab, contained

cost—effectiveness'calculations rélevant to this program. No new calcula-

.tions were made under this program, because the time and information

available was insufficient to allow us to improve substantially on the

earlier calculations. This chapter therefore is an interpretation of

the earlier calculations'in the light of the results presented in

previqus chapters.
| In'thg ﬁSF,report, the cost model used was an extremely simple
one which nevértﬁeless provides inéight into the effects of changing
parameters on'eléctricity costs. Only the fixed charge component of
electricity éost was computed; operating and maintenance costs were
not included. It was assumed that all electricity generated could be
utilized. Aétual insolation data for Albuquerqué 1962, from Aerospace
Corporation tapgs, was utilized to determine annual output. A fixed
charge ratio of 18% was assumed, which is reasonable for a privately-
owned ﬁtility; Concentration fatios were calculated assuming a concen-
trator opticél trgnsmission factor of 0.85 and a ratio of cell area to
absorber area of 0.85. " Cell series resistance losses weré not included
in the calculations, since it had been shown earlier £hat such losses
caﬁ always be made negligible by proper cell design (Sf course, with

some penalty in cell cost or unconcentrated efficiency or both).
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Figures 1.6 through T.11 are ‘taken from theANSF report and show
the reéults of these calculations. . X is absorber cos%,.z is land cost,
and Y includes all other capital costs (mainly the-concéntrator<and
tracking system); Values for Y-were.taken from‘varioustSF and NASA
reports dealing with solar—thermal collector designs, and the vaiues
sued in the calcﬁlations were $15/m2 for flat unconcentrated arfays,
$h5/m2 for 1ipear fécus concentrators'with single;axis tracking, anq'
$6O/m2 for systems with two-axis tracking.v For‘comparisén, Téblél7i6
gives energy Eést for fixed unconcentrated arrays,Acalcﬁlated onAa'“
similar baéis;

It is evident that theAaddition ofvan optical concentrator to a‘
photovéltaic systeﬁ will be advantégeous only if thé.cost perAunit
aperture éréé of the concentrator is substantially less than the cost

per unit area of photovbltaic cells, since the use of a concentrator

reduces the total amount of sunlight available for cbnversion because

'

"of loss of diffuse sunlight and opticai losses in the concentrator.

‘This -effect can be seen by comparing the curves in Figures 7.7 and

7.10-for X = éso/ﬁe.with the energy cost ($.034/kwh) from Table 7.6
for a fixed unconcentrated array with X = $50/m2; 15% cell.efficiency.
Values of Y less tha,n,$’+0/m2 are required for any improvement in energy
cbst. |

It the fatio X/Y is large, a large sgviné can be obtained by
concentration. The concentration ratio for minimum energy cost depends
primarily on thé effect of temperature on éell efficieﬁcy. Figures 7.6,

7.8, 7.9 and 7.11 show the effect of improving heat transfer efficiency
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(increasing Ke)' For these calculations, the only efficiéncy term
included which varied with coﬁcentration ratio was the cell efficiency/
temperature éoefficient. If endﬁgh information had been available to
ﬁermit ésfimating other efficiency coefficients (e.g.,«variation in
concentrator transmission coefficient'with concentration'ratio)
similar effects woula be seen; i.e., the minimum cost would occur at
the point at which the loss of systém conversion efficiency with
increasing cpncentr@tion Just.balances.the cost saving from reduction
in éell area, 'Fér,any particulér concentrafor design? opticél efficiency
might vary somewh;t Qith concentration ratio but oﬁe would not expecf
much variation if the best configuration were chosen at each value of
chcentratioﬁ. Therefore the inclusion of more efficiency terms would
not be expected to produce a substantial change in the plotted curves;
In summafy;'the important characteristics of a concentrator fof |

ﬁse with photovoltaic cells are the cost of the concentrator per unit

" of aperture and the uniformity of illumination produced at the absorber.

The cost saviqgs obtainable through concentration depend on reducing

the system coé% per unit aperture area by replacing eXpensivé cells with.
less exéensiVe optics while maintaing system gfficiency as high as
possible. The~ohly impértant way in which the concentrator design
strongly affééts éystem efficiency is through uniformity of illuﬁination,
which strongly-affeéts cell efficiehcy.

The two-element concentrator analyzed in,the»preceding chapters of

this report appears to be superior to any single-element concentrator



‘because it should be little more expensive than the least expensive

single-element concentrator, while it is far superior in uniformity.
The cost of the twb-element concentrator is nearly entirely cpntained
in the cost of the primary e;ement. For éxample,»for the design for
8§ - 2.5° analyzed in chaptefs 3 and 4, the additional cost of the secondary AS
element fabricated as an aluminum extrusion‘is espimated'at less than
$é par square‘meter of primary aperture,'éqd frombthis a credit for
the cell support and heat sink which it replaces shouiﬁ be éubtraéted,
feducing the net cost to nearly zero. |

The optimum‘concentration ratio for the complete system‘dépends
on the ratio of cell to conceﬁtrator cost, thé type and accuracy of
tracking, the effective heat transfer goéffigient, aﬁd other factoré.
Generally it can be expected to lie in the range'df.S fo 100. As
discussed in Chapter 2, this range can be coveréd.by ét most two CEC

designs, which is another advantage of the two-element concentratof.




CONCLUSIONS

Despite fhe short time availabie for this program ah@ the resulting
lack of completeness of this report; we 5eliéve that enough has been
done to Justify thé'conclusion that the two-element concéﬁtrator is
superior to any single-element concentrator for use in photovoltaic
systems. The'main purpose of this Chepter of the report is to present
some recommendations on further work’to complété the anélysis of this
concentrator‘ahd to develop sﬁecific designs for_épecific applications.

In Chapter 2, a number of possiﬁle choices for.the primary element
were briefly discussed. It would be desirable to evaluate each of
these, and possibly others, in hore detail by ray tfacing iﬁ the manner
of.the analysis in Chapter 3. ©Since low cost of the primary element
is a major cdﬁsideratibn, the effects of errors in surface figure ofAthe
primary élemeﬁt should;also be considered to determine the télerances
with which fhis.elemenf musf be fabricated. The ray tracing program
developed by us‘hgs tﬁis capability. |

More detailed cost—eféectiveness.calculations are desirable but
merely adding‘moré parameters to‘fhe éalculation does not seem attractive
to ﬁs. A more useful approach would be. to choose soﬁe.specific appli-
cations, define them in a clear and detailed manner, and then work up
detailed designs for cost comparisons.

'In this cgnpéction,lwe think that furfher caiculations for systems
involving horizonfal Ew troughs with periodic tilt adjustment should be

made. Existing calculations (e.g., ANL Report SOL .75-02) are based -on a
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requirement of a minimum number of hours of collection. It is not
intuitively obvious to us that this requirément leads to a near-optimum
interval between adjustments. It would be interesting fo determine the
acceptance half angle for lowest energy cost, for a specified numﬁer of
adjustments per year. In the NSF report there are some qalculatiqns on
the CPC concentrator which can.be further manipulated to give the
optimum acceptance half angle: For daily adjustmsnt (thesonly case
calculated) the optimum is 2° to 3°, whichjleads to a concentration
ratib of the-ordér of 20. This is much more fhan we anticipated befors
perfbrming the calculations.

In . any case, the. evaluation of differént possibilities for orient-
ation adjustment or tracking clearly should be done in the context of a
specific application. This is also true of Strﬁctural requirements and
estimation of manufacturing costs.

The final step would be to build prototypes of one or more of the

specific designs and experimentally determine their performance. It

- would be desirable to arrive at this point.as quié¢kly as possible, and

we believe that both the‘additional analysis and the prototype fabrica-

tion could be done within a 12 to 18 month program.‘
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