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ABSTRACT

NOTICE
PORTIONS OF THIS REPORT ARE ILLEGIBLE.
It has been reprcduceti from th e  best 
available copy to perm it the b roadest 
possib le  availability.

The design and development of a high concentration photovoltaic 
concentrator module is discussed. The design concept described 
herein incorporates a curved groove domed Fresnel lens, a 
high concentration etched multiple vertical junction (EMJV) 
solar cell and a passively cooled direct-bonded copper cell 
mount all packaged in a plastic module. Two seven inch 
diameter 1200x domed Fresnel lenses were fabricated using 
single point diamond turning technology. Testing at both 
GE and Sandia confirmed optical transmission efficiencies of 
over 8 3%. Samples of the latest available EMVJ cells were 
mounted and installed, with a domed Fresnel lens, into a 
prototype module. Subsequent testing demonstrated net lens­
cell efficiencies of 10-13%. As a result of this program, 
salient conclusions have been formulated as to this tech­
nology. A discussion is provided in the last section of 
this report.

Prepared for Sandia National Laboratories under Contract #13-9434.
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SECTION 1 

INTRODUCTION AND SUMMARY

1 .1  INTRODUCTION

P hotovo lta ic  s o la r  en erg y  co n v ers io n  sy s te m s  using  co n cen tra ted  sunlight have th e  po ten tia l 

to  p rov ide  low c o s t e le c tr ic a l  pow er by tra d in g  la rg e  a r e a s  of re la tiv e ly  low co s t co n c en tra to r  

h a rd w a re  fo r  la rg e  a r e a s  of re la tiv e ly  h igh co s t s o la r  c e lls .  O ver the p a s t few y e a r s  con­

c e n tra to r  s o la r  c e ll co n v e rs io n  e ffic ie n c ie s  have r is e n  sha rp ly , e sp ec ia lly  fo r  high (600x to  

lOOOx) co n cen tra tio n  c e lls  (R e fe ren ces  1, 2 , 3, 4). The p u rpose  of the  p ro g ram  

w as to  d esig n  and develop a  high c o n c en tra tio n  c o n c en tra to r  m odule which w ill take  advantage 

of the high effic iency  d em o n stra ted  by the  la te s t  high co n cen tra tio n  so la r  c e lls .

1 .2  TECHNICAL SUMMARY

T he o v e ra ll tech n ica l ob jec tive  of the p ro g ra m  w as to design  and d em o n stra te  v ia  

p ro to type  h a rd w a re  a  h igh efficiency , high concen tra tion  photovoltaic (PV) m odule. In the 

p e rfo rm a n c e  of the  p ro g ra m  the follow ing tech n ica l is su e s  w ere  add ressed :

1. D efin ition  of an optim um  high co n cen tra tio n  lens design .

2. E s tab lish m e n t of a  p ra c t ic a l  c o n c e n tra to r  m odule packaging design  w hich tak es  into 
account o p t ic s - to -c e l l  r e g is tra tio n , com ponent rep lacem en t, low co s t m an u fac tu r­
ing techn iques and m o d u le - to -a r ra y  in teg ra tio n .

3. C onfirm ation  of the p e rfo rm a n c e  im provem en ts  p o ss ib le  w ith  a  high concen tra tion  
dom ed F re s n e l  le n s .

The p r im a ry  em p h asis  of the  tech n ica l w ork  w as to  op tim ize  the effic ien t coupling of the high 

co n cen tra tio n  len s  to  the c e ll r e c e iv e r .  No m a jo r  developm ent w ork w as undertaken  in the 

s o la r  ce ll o r  a r r a y  tra c k in g  s tru c tu re s  and m ech an ism s.

T he fina l d esig n  in c o rp o ra te s  cu rv ed  g roove dom ed F re sn e l le n se s , high efficiency  s o la r  

c e lls  along w ith  high pow er s o lid -s ta te  dev ice  packaging schem es c u rre n tly  availab le  w ithin 

G en era l E le c tr ic .  T h ese  com ponents a re  a sse m b le d  into a  p la s tic  m odule consis ting  of
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m ultip le  le n s e s , a  len s  m ounting f ra m e , a  housing sh e ll, e le c tr ic a l  h a rn e s s  w ith qu lck-m ount 

ce ll r e c e iv e r s  and a  p a s s iv e  cooling sy s te m . F ig u re  1 i l lu s tr a te s  the fina l conceptual m odule 

design . N ine (9) 1 1 .5  inch sq u a re  dom ed poin t focus F re s n e l  le n s e s  a re  m ounted to  a  m olded 

p la s tic  m ounting f ra m e  w hich in  tu rn  is  a sse m b le d  to  a  low er housing  shelU  T he housing 

sh e ll h a s  p re lo c a te d  re c e p ta c le s  fo r  the  qu ick -m oun t ce ll r e c e iv e r  u n its . P re c is io n  m olds 

would be u sed  to  m anu factu re  the  m ounting f ra m e  and housing sh e ll thus fac ilita tin g  su b se ­

quent le n s - to -c e l l  r e c e iv e r  un it r e g is tra tio n . T h is  b a s ic  m odule would co n stitu te  a  b as ic  

build ing block fro m  w hich a r r a y s  of v a rio u s  output pow ers  could  be designed . T ab le  1 p r o ­

v ides  a  m odule design  su m m ary .

A s s ta te d , the p ro g ra m 's  m a jo r  tech n ica l developm ent w as the  d esig n  and developm ent of an 

e ffic ien t high co n cen tra tio n  dom ed F r e s n e l  le n s . O p tica l Science G roup (OSG) w as re sp o n ­

s ib le  to  d es ig n  and fa b r ic a te  the dom ed F re s n e l  le n s . OSG developed two s e p a ra te  len s  d e ­

s ig n s . A c i r c u la r  len s  w as developed fo r  u se  w ith  the  se le c te d  c o n c e n tra to r  ce ll and p ro to type  

m odule. A sq u a re  le n s  w as defined  w hich re p re s e n te d  an op tim ized , p roduction  o rie n te d  len s  

app ro ach . A su m m ary  le n s  co m p a riso n  is  p ro v id ed  in  F ig u re  2 .

E arly  in  the  p ro g ra m  it w as a g re e d  th a t the b e s t  av a ilab le  high c o n cen tra tio n  s o la r  c e ll  would 

be u sed . M icrow ave A sso c ia te s  E tched M ultiple V e r tic a l  Junc tion  (EMVJ) s ilico n  c e ll  w as 

se le c te d , se e  F ig u re  3 -a .  In  o rd e r  to  red u c e  p ro g ra m  r i s k  an  e x is tin g  c e ll  d esig n , c u rre n tly  

under developm ent on a  s e p a ra te  Sandia p ro g ra m , w as s e le c te d , see  F ig u re  3 -b .

The fro n t g roove c e ll  h a s  a  0 .2 6  inch d ia m e te r  ac tiv e  a r e a  and a  p ro je c te d  efficiency  of g r e a te r  

than  18% a t lOOOx and 28°C .

The p ro b le m s  faced  in  m ounting and cooling s o la r  c e lls  in  co n c en tra te d  sun ligh t a r e  e s se n ­

tia lly  the  sa m e  a s  th o se  en co u n te red  w ith  high pow er s ilico n  t r a n s is to r s  and th y r is to r s .  Gen­

e ra l  E le c t r ic 's  ex p e rien ce  in  th is  a re a  w as d ire c tly  app lied  to  the d esig n  of a  h igh co n cen tra tion  

ce ll r e c e iv e r . G en era l E le c t r ic 's  unique con tribu tion  in th is  a r e a  of technology is  the  u se  of 

d ire c t-b o n d ed  copper to  p ro v id e  a  s tro n g , low th e rm a l and e le c tr ic a l  r e s is ta n c e  m ount fo r  the 

ce ll, and knowledge of high lea d  so ld e r-m e ta lliz a tio n  sy s te m s  w hich w ill su rv iv e  the re q u ire d
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T ab le  1. O ptim ized  M odule D esign  Sum m ary

TO TA L GROSS AREA (M^) 0 . 836

TOTAL ACTIVE LENS AREA (M^) 0 .768

MODULE WEIGHT (LBS) 35

RATED MAXIMUM POWER OUTPUT (WATTS) 129 

AREA MODULE OUTPUT (W ATTS/M ^) 166

ANNUAL MODULE OUTPUT (kWh/M^) 442 *

MODULE EFFIC IEN CY  (PERCENT) 16. 9 **

* ALBUQUERQUE WEATHER TA PE 

** 22% E FFIC IE N T  C E L L  AT 28°C , 84% E FFIC IEN T LENS

PROTOTYPE LENS PRODUCTION LENS

i y f

I

GEOMETRY CIRCULAR 7" DIA SQUARE 11.5"
F# 0.75 0.5

GEOMETRIC CONCENTRATION RATIO 1200 1200 -  1600
TRANSMISSION EFFICIENCY 0.84 0.84
DOME HEIGHT 2.17" 4.8"
INPUT REFRACTION FRACTION 0.70 0.65 -  0.80
0% LOSS TRACKING POINT + 0 .23° + 0 .19°
10% LOSS TRACKING POINT + 0 .5 4 ° + 0 .38°
THICKNESS/MATERIAL 0.25", ACRYLIC 0.10" ACRYLIC

F ig u re  2 . L ens D esign Sum m ary
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(a) C ell C ro ssec tio n

0 . 2 6  I N .  OI A 
A C T I V E  ZONE

0 . 3 "

. 010"

(b) E x isting  Cell C onfiguration

F ig u re  3 . P ro g ra m ’s High C oncen tra tion  S ilicon C ell

te m p e ra tu re  cycling . T h is  technology and experience  w as draw n on to  design , build  and te s t  

a  c e ll  r e c e iv e r  un it w hich exceeded  the e s ta b lish e d  th e rm a l r e s is ta n c e  g o a ls . F ig u re  4 dep ic ts  

the p ro to type  c e ll m ount h a rd w a re .

The p ro to type  m odule h a rd w a re , shown In F ig u re  5, c o n s is ts  of len s  opening c o v e rs , a  cu rved  

g roove dom ed F re s n e l  len s , a  p ro te c tiv e  s te e l  cone, a  ce ll m ount socket (shown m ounted In­

side  m odule housing), a  c e ll m ount, an  ex tru d ed  alum inum  fined  h ea t sink  and a se a le d  p la s tic  

housing . The com ple te  ce ll r e c e iv e r  Is shown In F ig u re  6.

A te s t  r e s u l t  su m m ary  fo r  the p ro to type  h a rd w a re  Is p rov ided  In T ab le  2.

T ab le  2 . T e s t  R e su lt Sum m ary

PRO G R A M M EASURED
D ESIG N  P A R A M E T E R S G OAL VALUE

1 -  LEN S C O N C EN TRA TIO N

P E A K < 3 X Ia v E 1600X ♦

A V ER A G E 400 -  2000 609X  *

2 -  LEN S TRANSM ISSIO N

0 °  PO IN TIN G  ER R O R 83 % 84.0%

0 .2 5 °  P O IN TIN G  ERRO R 83% 82.6%

0 .5 0 °  P O IN TIN G  ER R O R 75% 77.3%

3 -  C E L L  E F F IC IE N C Y  A T  lOOOX > 20% 14-16%

4 -  C E L L  MOUNT T H E R M A L  R E S IS T . <  0 .4 0 °C /W A T T 0 .2 5 °C /W A T T

5 -  M O D U LE E F F IC IE N C Y  A T  SOC > 15% 10-13%

6 -  PO W ER  O U T P U T /C E L L  A R E A 5 -6 . 5 W /C m 2 4 -6  W /C M ^
@ 1 kW /M ^

* SEN SITIV E  T O  F O C A L  D ISTA N C E
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a) Cell Mount Components -  Copper Heat Spreader Stud, Direct Bonded Copper 
BeO Substrate and the EMVJ Concentrator Cell

b) Assem bled Cell Mount 

Figure 4. High Concentration Cell Mount

1-6



Figure 5. Prototype Module Hardware

/

Figure 6. Complete Cell Receiver Assembly
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The len se s  and c e ll m ounts exceeded  th e ir  re sp e c tiv e  p ro g ra m  g o a ls . The m odule efficiency  

goal w as not ach ieved  p r im a r ily  due to  the le s s  than  20% effic ien t s o la r  c e lls . H ow ever, the 

w a tts /c m ^  of to ta l c e ll  a r e a  value  w as s t i l l  encourag ing . T he ba lance  of th is  r e p o r t  d e sc r ib e s  

the m odule op tim iza tion  e ffo rt, d e ta iled  len s  a n a ly s is , c e ll m ount developm ent and the p ro to ­

type h a rd w are  developm ent and te s t .
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SECTION 2 

DESIGN DEVELOPM ENT

2 .1  MODULE DESIGN OPTIM IZATION

T he dom ed F re s n e l  m odule shown in F ig u re  1 w as developed b ased  on m inim um  energy  co s t 

c r i te r io n . The en erg y  co s t w as b a sed  on the to ta l in s ta lle d  co s t of a 400 kW a r r a y  and the 

ad ju s ted  peak  w att output fro m  an  A lbuquerque loca tion . The m odule, a s  shown in F ig u re  1, 

in c o rp o ra te s  M icrow ave A s s o c ia te s ’ E tched  M ultiple V e rtic a l Junction  (EMVJ) s ilico n  so la r  

c e lls  w hich have the  unique fe a tu re  of in c re a s in g  e le c tr ic a l  efficiency w ith  concen tra tion .

T he re s u lta n t  c h a ra c te r is t ic s  of the  op tim ized  m odule a re  lis te d  in T ab le  3. It should  be 

noted th a t the optim um  m odule configu ration  i s  b ased  on the assum ed  c e ll and len s  c h a ra c te r ­

i s t i c s  ob tained  fro m  M icrow ave A sso c ia te s  and O ptical S ciences G roup a t the inception  of the 

study . T hus, th e se  r e s u l ts  would have to  be updated when production  ce ll and len s  design  

c h a ra c te r is t ic s  becom e av a ilab le .

T ab le  3. O ptim um  Dom ed F re s n e l  M odule C h a ra c te r is tic s

MODULE HOUSING DIMENSION 3' X  3' X  0 .8 '

MODULE HOUSING MATERIAL ROVEL (MODIFIED SAN THERMOPLASTIC)

LENS SIZE 11.5" SQUARE

LENS FOCAL DISTANCE 8.5"

LENS GEOMETRIC CONCENTRATION 120 OX

LENS TRANSMISSION EFFICIENCY 84%

CELL SIZE 0.49" SQUARE

COMPOSITE MODULE ERRORS 
(TRACKING, ALIGNMENT) + 0 .3 8 °

CELL PERFORMANCE 21.5% @ 1250X, 28°C

CELL RECEIVER DESIGN DIRECT-BONDED COPPER 
W /BeO INSULATOR

MODULE WIRING LOSS 2 %

FINNED ALUMINUM HEAT SINK 0 .5  LB/CELL

PEAK w a t t ''' 166 WATT/M2

MODULE ADJUSTED PEAK WATT* 169 WATT/M^

ANNUAL ENERGY OUTPUT* 442 k W h / M 2

t  AT 1 kW/M^, 2 0 °  AMBIENT AND 1 M/SEC WIND 

* FOR ALBUQUERQUE LOCATION
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2 .1 .1  APPROACH

An op tim ization  m ethodology w as fo rm u la ted  to  p ro v id e  a  s te p -b y -s te p  p ro c e d u re . The m eth ­

odology flow d iag ra m  is  shown in F ig u re  7 . It w as p re -d e te rm in e d  th a t the  optim um  c e ll r e ­

c e iv e r  a ssem b ly  would use  the  d ire c t-b o n d ed  copper approach  w ith b e ry ll ia  a s  the e le c tr ic a l  

in su la to r  and th a t the  ind iv idual m odule s iz e  would be app rox im ate ly  3 ' x  3 ' fo r  e a se  of han­

dling by one p e rso n . T h e re  a r e  fou r b a s ic  design  v a r ia b le s  th a t c h a ra c te r iz e  an  optim um  

m odule configuration : F re s n e l  le n s , s o la r  c e ll, h e a t s ink , and e le c tr ic a l  h a rn e s s  design . F o r  

a  g iven len s  s iz e /c h a r a c te r i s t ic  (F#, t ra n s m is s io n  r) and co n cen tra tio n  ra tio ) and c e ll s ize  

com bination , inciden t s o la r  flux  on the c e ll  and subsequently  the  c e ll  efficiency  a t  28°C  w ere  

obtained . T he h ea t s in k  design  g o v e rn s  the r a te  of h e a t d iss ip a tio n  fro m  the  sin k  to  the am b i­

ent and, com bining w ith  the  g iven  c e ll  a ssem b ly  configu ration , the  te m p e ra tu re  g rad ie n t fro m  

ce ll to  am bien t and the c e ll e ffic iency  deg rad ing  fa c to r  w ere  ob tained . T he ne t m odule e le c ­

t r ic a l  output w as ca lc u la te d  f ro m  indiv idual s o la r  c e ll output v ia  the  e le c tr ic a l  h a rn e s s  de­

sign . M odule p e rfo rm a n c e  w as e s tim a te d  annually  fo r  a  p a r t ic u la r  w e a th e r lo ca tio n  to  obtain  

the ad ju sted  peak  w att (o r  a v e rag e  watt) output w hich is  defined  a s  the annual m odule effic iency  

t im e s  1 kW /m ^ in so la tio n . The a r r a y  to ta l in s ta lle d  co s t w as then  e s tim a te d  to  d e te rm in e  the 

m odule energy  c o s t. C om binations of va ry in g  len s  s o la r  ce ll, h ea t sink  and e le c tr ic a l  h a rn e s s  

w ere  analyzed  p a ra m e tr ic a lly  un til a  m in im um  $ /ave  w att energy  co s t w as achieved .

2 .1 .2  ASSUMPTIONS

The EM VJ s o la r  ce ll and the dom ed le n s  design  c h a ra c te r is t ic s  u sed  in  th is  study w ere  sum ­

m a r iz e d  in  T ab le  4 . T h e se  a ssu m p tio n s w e re  obtained  fro m  M icrow ave A sso c ia te s ' and 

O ptical Sciences G roup a t the incep tion  of the study. The key assu m p tio n s  a re  th a t the EMVJ 

ce ll efficiency  in c re a s e s  w ith in c re a s in g  co n cen tra tio n  and it is  re la tiv e ly  in se n s itiv e  to  changes 

in  c e ll  s iz e  i . e . , 0 .2 " - 0 .5 "  d ia . It is  a lso  a ssu m e d  th a t the  len s  tra n s m is s io n  efficiency  

d e c re a s e s  by app ro x im ate ly  1% fo r  e v e ry  500X in c re a s e  in co n cen tra tio n  ra t io .

The b a s ic  a r r a y  co s t a ssu m p tio n s  u sed  in  ca lcu la tin g  the  to ta l in s ta lle d  c o s ts  a re  shown in  

T ab le  5. T he c o s ts  of a r r a y  key com ponents w hich a re  independent of the  m odule configu ration  

a re  l is te d  on the r ig h t s id e  of T ab le  5 fo r  a  0 .569  m^ m odule. The key m a te r ia l  c o s ts  u sed  to  

ca lcu la te  the m odule FO B fac to ry  p r ic e  a r e  shown on the  le f t of the  tab le .
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T ab le  4 . C ell and Lens D esign  C h a ra c te riz a tio n

EMVJ CELL CHARACTERISTICS ASSUMPTIONS 

Assumption #1*: S e n s i t i v i t i e s  o f  c e l l  n ,  n and temp, c o e f f i c i e n t s

v s .  c o n c e n t r a t io n  r a t i o

CONC. RATIO
CELL
@ 28°C

t l E H P .  COEFF. ^oc
(VOLTS)

V ^ TEMP. I

1 .157 -4 .6 0 .593 -2 .0 7

10 .179 -3 .8 3 .676 -1 .84

100 .198 -3 .1 0 .745 -1 .5 6

500 .207 -2 .7 0 .783 -1 .4 5

1000 .213 -2 .6 0 .800 -1 .4 0

1500** .216 -2 .5 3 .810 -1 .37

2000** .219 -2 .5 0 .820 -1 .3 5

* 0 .25" sq. c e l l  s i z e ,  "A 
I n t e n s i t y  A p p l ic a t io n " ,  

** E x t r a p o la t io n  from (*) .

Low S e r ie s  R es is tan ce  
R. Frank, e t c .

S i l i c o n  PV Cell f o r  High

Assumption #2: Assumption #1 a l s o  a p p l i e s  to  a 0 .6 inch square  s o l a r  cel  1

y 'd

i . e .  Cell  C h a r a c t e r i s t i c s  a re  i n s e n s i t i v e  to  changes in c e l l  j

a r e a  from 0.25" to  0 .6" square  1
I

Assumption # 3 :  Cel l  C h a r a c t e r i s t i c s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  i n c i d e n t  f l u x  p r o f i l e  i

^ e a k  ^ ^average j

DOMED LENS CHARACTERISTICS ASSUMPTIONS 

Assumption #1: C o n cen tra t io n  r a t i o  vs. len s  t r a n sm iss io n  e f f i c ie n c y

CR _ L

500 86%
1000 85%
1500 84%
2000 83%

i . e . , I t  p e r  500 aCR

Assumption §2: Lens t ran s m is s io n  e f f i c i e n c y  i s  i n s e n s i t i v e  to changes in lens  F#

from 1 .0  to  1 .5
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T ab le  5. B asic  A rra y  C ost A ssum ptions 

• 19B0 $
10® m^/YEAR ANNUAL PRODUCTION

MODULE 
KEY MATERIALS/PROCESSES ARRAY KEY COMPONENTS*

COPPER $ 2 .0 0 /L B TRACKING DRIVES/CONTROL $ 4 6 .3 /M ^

ACRYLIC

ABS PLASTIC

DIRECT BOND Cu/BeO  
SUBASSEMBLY

$ .9 0 /L B  

$ 1 . 0 0 /L B

$ .18 /C M ^

TORQUE TUBES, TEES. 
INTERFACE HARDWARE

SHIPPING

INSTALLATION

$ 3 2 .7 /M ^

$ 2 2 .3 /M ^

$ 1 4 5 .0 /M ^

EMVJ CELL $ 1 .0 0 /C M ^

INJECTIO N MOLDING 
PROCESS $ 2 .9 0 /M ^

CELL ASSEMBLY LABOR $ .2 7 /U N IT

EXTRUDED ALUMINUM $ 1 . 0 0 / LB

*  CIRCULAR LENS GEOMETRY, 0 . 5 6 9 m ^ / M 0 D U L E , "PV CONCENTRATOR ARRAY PRODUCTION 
PROCESS S T U D Y " ,  F INAL REPORT SAND 7 9 - 7 0 5 5  TURNTABLE TYPE TRACKER

2 .1 .3  ANALYSIS

It w as reco g n ized  th a t fo r  e v e ry  m odule configuration , w hether o r  not it  is  the optim um , th e re  

e x is ts  an  optim um  h e a t sink  design  w hich r e s u l ts  in  the low est a r r a y  energy  co s t fo r  that 

m odule . T h e re  a re  s e v e ra l  p a ra m e te rs  w hich c h a ra c te r iz e  a  finned h ea t exchanger: fin length  

and th ic k n e ss , fin  spacing , s u b s tra te  th ick n ess  and a re a . In o rd e r  to m in im ize  the num ber 

of p a ra m e tr ic  t ra d e -o f fs  in the  o p tim iza tion , the  h ea t sink  design  w as f i r s t  op tim ized  fo r  each  

of the  len s  s iz e s  being  c o n s id e red  ( i . e . , 6 " , 9", 12" and 15" d ia m e te rs ) . The hea t sink op ti­

m iza tio n  p ro c e d u re  is  a s  fo llow s: (1) fo r  a  g iven len s  s iz e  and concen tra tion , nom inal va lues 

w ere  se le c te d  fo r  each  h e a t s ink  p a ra m e te r ,  (2) v a ry in g  one p a ra m e te r  ( e . g . , fin  length) 

around  i ts  nom inal value w hile keeping the rem a in in g  v a ria b le s  constan t, the  annual a r ra y  

energy  output w as c a lc u la te d  fo r  each  fin  leng th  value  using  the  A lbuquerque TMY w ea th er 

d a ta , (3) to ta l a r r a y  in s ta lle d  c o s t w as com puted fo r  each  fin  length  by adding a  nom inal a r ra y  

in s ta lle d  c o s t to  the h e a t s in k  c o s t, (4) a r r a y  energy  c o s ts  ( in s ta lle d  c o s t/a v e ra g e  w att output) 

w ere  com puted and the  fin  leng th  th a t re s u lte d  in the low est energy  co s t w as iden tified  and 

u sed  in  the succeed ing  ca lcu la tio n s , (5) s te p s  2 through 4 w ere  rep e a te d  fo r  a ll  o th e r  heat
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sink  p a r a m e te r s , and (6) the above s te p s  w e re  I te ra te d  u n til th e  v a lu es  fo r  a l l  p a ra m e te rs  

converged . A ll h e a t sink  con fig u ra tio n s  a r e  of longitudinal type w ith f in s  on one s id e  of the 

b a se  only and m ade  from  ex truded  alum inum . F ig u re  8 p re s e n ts  the r e s u l ts  of hea t s ink  

op tim ization  fo r  a 12" d ia m e te r  len s  and lOOOX co n cen tra tio n . It in d ica te s  th a t the optim um  

heat s ink  w eighs ap p ro x im ate ly  0 .5  lb . and h a s  1 .2 "  long f in s  a t  0 .3 "  a p a r t ;  th e  f in  th ick n ess  

is 25 m il; the  s u b s tra te  is  0 .0 5 "  th ick  and th e  h ea t s ink  is  8" long by 3 .5 "  w ide . In p ra c tic e  

the s u b s tra te  th ick n ess  is a t  le a s t  0 .1 0 0 " . C alcu la tions w e re  th en  rep e a te d  to  define the  

optim um  hea t s ink  fo r  o th e r len s  s iz e s .

T h ese  op tim ized  h ea t s inks  w ere  then  u sed  to d e te rm in e  the low est energy  co s t m odule con­

fig u ra tio n s . The op tim iza tion  p ro c e d u re  w as s im ila r  to  th a t of the h e a t s ink  w here  each  de­

sign  p a ra m e te r ,  F re s n e l  le n s , s o la r  ce ll and e le c tr ic a l  h a rn e s s  w as v a r ie d  ind iv idually  and 

eva luated  fo r  m inim um  a r r a y  energy  co s t un til the v a lu es  fo r  the  th re e  (3) v a ria b le s  converged . 

It w as a ssu m ed  th a t a l l  s o la r  c e ll  a re a s  included  a  guardband  fo r  + 0 .2 °  com posite  m odule 

e r r o r  due to tra c k in g  and le n s - to -c e l l  m isa lig n m en t. The r e s u l ts  of the  m odule op tim ization  

a re  shown in  F ig u re  9. At constan t len s  co n cen tra tio n  and in te rco n n ec t w irin g  lo s s , the 

s m a lle r  len s  m odules r e s u l t  in  h ig h er (~ 12%) a r r a y  energy  c o s ts  due m ain ly  to  the in c re a se  

in c e ll r e c e iv e r  and a sse m b ly  c o s ts . The num ber o f individual le n s -c e l l  u n its  p e r  m odule in ­

c re a s e s  fourfo ld  as  the len s  s iz e  d e c re a s e s  fro m  12 to  6 in ch es . Above 12 in ch es , the energy  

cost becom es in se n s itiv e  to  len s  s iz e .

F o r  optim um  e le c tr ic a l  h a rn e s s  design , the copper in te rco n n ec t sh a ll be s iz e d  fo r  le s s  than 

2% m odule I^R lo s s e s .  Since the co p p er w irin g  co s t is  a  v e ry  sm a ll f ra c tio n  of the  to ta l in ­

s ta lle d  cost, the a r r a y  energy  co s t is  s tro n g ly  dependent on m odule en erg y  output. A s fo r 

len s  concen tra tion , the optim um  va lue  lea n s  to w ard s high co n cen tra tio n  1500X) due to  the 

in h eren t c h a ra c te r is t ic s  of EM VJ c e ll e fficiency  and low er re la tiv e  ce ll c o s ts . T hus, fo r  the 

optim um  c ir c u la r  len s  m odule, the len s  s iz e  is  in the ran g e  of 12 to  15 inches d ia m e te r  with 

a  g eo m etric  co n cen tra tio n  of 1500 to 2000X. The m inim um  energy  co s t fo r  th is  configuration  

is  approx im ate ly  $ 2 .0 /a v e  w att.

To fu r th e r  red u ce  the a r r a y  energy  co s t, one obvious app roach  is  to  m ax im ize  the m odule 

packing density  ( i . e . , in c re a s e  the  e ffec tive  a p e r tu re  a re a  p e r  m odule). T h is  can  be accom ­

p lish ed  by going w ith a  sq u a re  dom ed len s  design . F o r  a  3 ' x  3 ' m odule, an 11. 5" sq u a re  len s  

g eo m etry  w ill r e s u l t  in  a  27% in c re a s e  in  the m odule e ffec tive  a p e r tu re  a re a  (0 .768  m^) as
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co m p ared  to  th a t of a  c ir c u la r  len s  m odule (0.603 m ^). C orresponding ly , the %/rc? co s t a s ­

so c ia ted  w ith the ba lance  of the in s ta lle d  a r r a y ,  e . g . ,  suppo rt s tru c tu re , track in g , in s ta l­

la tio n  is  red u ced  by 27%. The c o n c en tra to r  m odule FOB fac to ry  p r ic e , on the o th e r  hand, is 

in c re a se d  by about 10% due to  the  in c re a s e  in m odule com ponent c o s ts  w ith in c re as in g  a p e r tu re  

a re a .  T hus, the net im pact by going w ith a  sq u a re  len s  design  is  a  red u c tio n  of 20% in to ta l 

a r r a y  in s ta lle d  c o s ts .

F o r  the  v a rio u s  m odule configu ra tions co n sid e red  in the study, the a r ra y  to ta l in s ta lled  c o s ts  

ran g e  fro m  $275 to  $335/m ^ a p e r tu re  of sq u a re  len s  m odule. T able  6 shows the com ponent 

c o s t ra n g e s  co n sid e red  and th e ir  re la tiv e  c o s t con tribu tions. As expected, the ce ll r e c e iv e r  

a sse m b ly  is  the  m a jo r  c o n tr ib u to r  to the m odule co s t follow ed by the F re sn e l  le n s . On the 

o th e r  hand, the  h ea t s ink  co s t is  only 4% of the  to ta l a r r a y  in s ta lled  co s t, thus, it  w ill pay to 

in c re a s e  the h e a t s in k  m a ss  and achieve h ig h e r  energy  output without sign ifican tly  in c re as in g  

the energy  c o s t. T h is  tre n d  is  fu r th e r  i l lu s tra te d  in F ig u re  8 by the fac t th a t the a r r a y  energy  

co s t becom es r a th e r  in se n s itiv e  to  the changes in h ea t s ink  p a ra m e te r  v a lu es  beyond th e ir  

op tim um .

T ab le  6. A rra y  T o ta l In sta lled  C ost Breakdown 

•  SQUARE LENS 

« 1980 $

COMPONENTS $ / m 2 % TOTAL VARIABLES

LENS 20 7 6"-12" SQ LENS

MODULE HOUSING 9 - 1 4 3 - 5 6"-12"  SQ LENS

SOLAR CEL L ( $ 1 /C m 2) 24 -  69 8 - 2 3 2000X -500X

C E L L  MOUNT SUBASSEMBLY 22 -  65 7 - 2 2 w /1 2 "  LENS

HEAT SINK 10 -  12 4 2000X w /1 ^ '  LENS 
TO lOOOX w /6 "  LENS

ELECTRICAL HARNESS 

OTHERS;

0 .6  -  1 .5 1

TRACKING & CONTROL 34 11
MODULE SUPPORT STRUCTURE 24 8
SHIPPING & INSTALLATION 124 41

TOTAL 275 -  335 100
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The a r r a y  energy  c o s t fo r  the optim um  sq u a re  len s  m odule design  is  ind ica ted  in F ig u re  10. 

W ith the b a se lin e  d esig n  c h a ra c te r is t ic s  and co s t a ssu m p tio n s  u sed  in  the study, the in s ta lled  

a r r a y  energy  co s t is  $ 1 .6 2 /a v e  w a tt. T h e re  a r e  s e v e ra l  a re a s  of po ten tia l im provem en t tha t 

can be re a liz e d  fo r  fu r th e r  reduc tion  in  the energy  c o s t. W ith a  som ew hat re la x e d  c o n s tru c ­

tion  code and red u ced  wind loading d esig n  re q u ire m e n ts , the  a r r a y  in s ta lla tio n  c o s t w hich is  

app rox im ate ly  40% of the to ta l in s ta lle d  c o s t m ay be ab le  to  be red u ced . The a r r a y  p e rfo rm ­

ance, on the  o th e r  hand, can be in c re a s e d  by u sing  h ig h e r  e ffic ien t c e ll, i . e . , 28 -  30%. Such 

a  ce ll could be the advanced  back  su rfa c e  g rooved  c o n c e n tra to r  c e ll c u rre n tly  u nder develop­

m ent fo r  SERI by M icrow ave A s s o c ia te s '.  The net e ffec t of th e se  im provem en ts  p o ten tia lly
2 2 could r e s u l t  in  an  in s ta lle d  c o s t of $250 /m  and p e rfo rm a n c e  of 220 W peak  o u tpu t/m

2 ^  
and annual en erg y  output of 570 kW h/m  . The n e t effect w ould be  on in s ta lle d  $ p e r  ad ju sted

w att ra tin g  of ap p ro x im ate ly  $ 1 .0 0 .

<c

A —  OPTIMUM MODULE

O —  REDUCED INSTALLATION COSTS, IMPROVED 
PERFORMANCE CELL MODULE4 . 0

OUTPUT
W/m̂

TOO

3 . 0

150

2.0
200

2 5 0

.0

150 200 2 5 0 3 0 0 3 5 0 4 0 0

ARRAY COST $/m^

F ig u re  10. A rra y  E nergy  C osts
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2 ,2  LENS DESIGN

Two d iffe ren t len s  d es ig n s  w ere  in v estig a ted . A pro to type len s  w as designed  and developed 

to focus onto the se le c te d  M icrow ave A s s o c ia te s ' EM VJ c e ll. In addition, the  p ro to type  lens 

had to  be com patib le  w ith ex is tin g  d ire c t  diam ond cutting equipm ent. T hese  two fa c to rs  r e ­

su lted  in the developm ent of a  seven  inch d ia m e te r  c ir c u la r  dom ed len s . The configuration  

d raw ing  fo r  th is  len s  is  shown in F ig u re  11.

To p rov ide  in sigh t into a  m o re  p roduction  o rie n ted  len s  an an a ly s is  w as p e rfo rm e d  fo r  a 

sq u a re  dom ed le n s . The configu ration  d raw ing  fo r  th is  len s  is  shown in F ig u re  12.

A d esig n  co m p ariso n  su m m ary  fo r  the  p ro to type  and sq u a re  len s  is  p rov ided  in T able  7. The 

ba lan ce  of th is  su b sec tio n  d e s c r ib e s  len s  background in form ation , design c r i t e r ia ,  d escrip tio n  

and an a ly s is  r e s u l ts .

2 .2 .1  BACKGROUND

The advantages of using  deeply  dom ed F re s n e l  len se s  fo r  photovoltaic c o n c en tra to rs  has been 

known fo r  s e v e ra l y e a r s .  The benefits  of such  c o n c en tra to rs  w ere  o rig in a lly  d isc u sse d  in a 

p a p e r  w ritte n  by O ptical S ciences G roup in 1975, which included a  study conducted by Ball 

S tate U n iversity , M uncie, Ind iana. (R eference  5 ,6 .)  S evera l cy lin d rica lly  cu rved  l in e a r  F r e s ­

nel le n se s  a re  c u rre n tly  being  u sed  in  c o n c en tra to r  sy s te m s . The use of c irc u la r ly  sym ­

m e tr ic a l  dom ed F re s n e l  le n se s  in  photovoltaic  sy s tem s has been d isc u sse d  in de ta il in sev e ra l 

p a p e rs  w ritte n  jo in tly  by O ptical Sciences G roup and V arian  A sso c ia te s . The u se  of cu rved  

g ro o v es fo r  photovoltaic  c o n c e n tra to rs , w as d em o n stra ted  as p a r t  of the P h a se  I e ffo rt of the 

PRDA-35 P ro g ra m , in  w hich OSG p a rtic ip a te d  as  a  su b co n trac to r to V arian  A sso c ia te s .

2 .2 .2  DESIGN CRITERIA

T h e re  a re  fo u r m a jo r  a re a s  to be co n sid e red  in  designing s o la r  c o n c e n tra to rs . T h ese  a re a s  

a re : tra n sm is s io n , o r  the efficiency  of the co n c en tra to r; un ifo rm ity  of the in tensity  d istrib u tio n
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T ab le  7 . Lens D esign  Sum m ary

!— - - - --------  ------ --------------------- -

PARAM ETER PROTO TYPE
PRODUCTION 
SQUARE LENS

GEOMETRY CIRCULAR, 7" DIA. SQUARE 11 .5"

F /# 0 .75 0 .5

SPOT SIZE 0 .2 0 " 0 .32  -  0 .3 8 "

THEORETICAL TRANSMISSION 0.89 0 .90

GEOM ETRICAL CONCENTRATION RATIO 1200 1200 -  1600

EX PECTED  TRANSMISSION 0 .8 3  -  0 .8 5 0 .8 3  -  0 .85

INPUT REFRACTION FRACTION 0.70 0 .6 5  -  0 .80

FOCAL DISTANCE 5.25" 8 .5 0 "

DOME HEIGHT 2 .1 7 " 4 .8 "

PEAK TO AVERAGE 1.60 < 2 . 0

APEX  TO CELL DISTANCE 7 .4 2 " 14"

ASSUMED GUARD BAND 12% 12%

0% LOSS TRACKING POINT +  0 .2 3 ° + 0 .1 9 °

10% LOSS TRACKINC POINT + 0 .5 4 ° + 0 .3 8 °

THICKNESS 0 .25" 0 .100"

MATERIAL ACRYLIC ACRYLIC
(V045 ROHM & HAAS) (V045 ROHM & HAAS)

FLANGE GEOMETRY SQUARE 1 .0 " SQUARE 0 .10"

ATTACHMENT MECHANICAL BONDED

MANUFACTURING TECHNIQUE DIRECT CUT INJECTION MOLDED
, ---- ........ ......J

on the photovoltaic  ce ll; m in im um  sp o t s iz e  th a t can  be p roduced ; and se n s itiv ity  to  angu lar 

e r r o r s  in troduced  into the co n cen tra tin g  sy s te m .

1. T ra n sm is s io n  o r  L ens E fflc iencv . In re f ra c tin g  sy s te m s  such  a s  dom ed F re sn e l  
le n se s , the  tra n s m is s io n  is  m ax im ized  when the ang les  of re f ra c tio n  a t  each  su rfa c e  
of the le n s  a re  kep t to  a  m in im um . O ther than  m in im iz ing  the incidence  ang les, the 
only add itional way to red u c e  re f le c tio n  lo s s e s  is  to  put an  a n ti- re f le c tiv e  su rfa c e  o r  
coating on the  F re s n e l  le n s . At th is  t im e , the  c o s t of coating  o r im p artin g  an  a n t i - r e ­
f lec tiv e  su rfa c e  on F re s n e ls  is  ex tre m e ly  high. In addition , a n ti- re f le c tiv e  coatings
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on p la s tic  s u rfa c e s  a r e  not du rab le  enough to  w ithstand  the env ironm en ta l conditions 
im posed  upon s o la r  c o n c e n tra to rs . T hus, the only design  tool fo r  op tim izing  the 
t ra n s m is s io n  of r e f ra c t in g  sy s te m s  is  to  m in im ize  the ang les of re f ra c tio n  a t both 
su irfaces of the  le n s .

2. U n i f o r m i t y  of the  In ten sity  D is tr ib u tio n  A c ro ss  the  S o la r C ell. T he efficiency  of 
photovoltaic  s y s te m s  is  highly dependent upon the un ifo rm ity  of the in tensity  d i s t r i ­
bu tion  of the ligh t s tr ik in g  the s o la r  c e ll .  The in tensity  d is tr ib u tio n  m u st be ta i lo re d  
to  the  sp ec ific  c e ll d esig n . In m o st c a s e s , the in tensity  d is tr ib u tio n  re q u ire d  is  ex ­
tre m e ly  f la t  o v e r  the  e n tir e  d ia m e te r  on the c e ll.

3. M inim um  Spot S ize . F o r  ex tre m e ly  high concen tra tion  photovoltaic  sy s te m s , the ce ll 
is  to be kep t to  the s m a lle s t  p o ss ib le  d ia m e te r . The concen tra tion  ra tio  th a t is  ob­
ta in ab le  w ill depend d ire c tly  on how w ell the op tica l co n c en tra to r  can p e rfo rm . In r e ­
f ra c tin g  co n cen tra tin g  sy s te m s , the  d e s ire  to  keep the in tensity  d is tr ib u tio n  ex trem ely  
un ifo rm  and the  n e c e ss ity  to  keep the spot s iz e  a s  sm a ll a s  p o ss ib le  fo r  e x trem e ly  high 
co n cen tra tio n  sy s te m s , a re  often  not com patib le . A balance  betw een uniform  in tensity  
d is tr ib u tio n  and m in im um  spot s iz e ,  m u st be obtained.

4 . A ngu lar E r r o r  In sen s itiv ity . The le s s  se n sitiv e  th a t the op tica l sy s te m  is  to  angu lar 
dev ia tio n s  su ch  a s  th o se  re su ltin g  fro m  the fin ite  sun  s iz e , tra c k in g  e r r o r s ,  and 
s tru c tu ra l  to le ra n c e s , the m o re  d e s ira b le  tha t op tica l sy s tem  is  fo r  photovoltaic  con­
c e n tra tio n  ap p lica tio n s .

2 .2 .3  CURVED GROOVE DOMED FRESN EL LENS DESCRIPTION

A c u rv e d  groove dom ed F re s n e l  len s  is  am en ab le  to  op tim iza tion  in  a l l  of the  a r e a s  d e sc rib ed  

above fo r  photovoltaic  c o n c e n tra to r  ap p lic a tio n s . In add ition , it h as  the p o ten tia l advantages 

of being  ligh tw eigh t, low c o s t, and  d u rab le  under outdoor env ironm en ta l cond itions. T hus, 

fo r  ex tre m e ly  high co n c en tra tio n  photovoltaic  ap p lica tio n s , the cu rved  groove dom ed F re s n e l  

len s  a p p e a rs  to be the  b e s t a lte rn a tiv e  a s  a  c o n c e n tra to r . F la t F re sn e l  len ses  used  a s  so la r  

c o n c e n tra to rs  have been  used  in  the  g rooves down (grooves tow ard  ce ll) con figu ration . The 

m ain  re a s o n  fo r  th e ir  u se  in  th is  p a r t ic u la r  configu ration  h as  been  to  op tim ize  the t r a n s ­

m is s io n  of the  len s . In o rd e r  to  keep the  e ffic iency  of the  lens h igh , dom ed F re s n e l  le n se s , 

w ith g rooves fac ing  the  c e ll ,  m u s t be p roduced  w ith negative  c le a ra n c e  ang les (undercu ts). 

W ithout th e se  u n d e rc u ts , lo s s e s ,  a s  shown in F ig u re  13, would o ccu r a s  light w as s c a tte re d  

off of the  r e l ie f  s u r fa c e s . T h is c r i t e r ia  (having und ercu t grooved su rfaces) p re se n ts  d ifficult 

m an u factu rin g  p ro b le m s. But a s  can  be seen  in  F ig u re  14, w ithout th e se  u n d e rcu ts  th e  

t ra n s m is s io n  lo ss  fro m  such  a  dom ed F re s n e l  len s  would be f a r  g r e a te r  than  could be to le r ­

a te d  in a  photovoltaic  c o n c e n tra to r  sy s te m . T ra n sm iss io n  lo sse s  can  a lso  be m in im ized  by
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using  sing le  po in t diam ond tu rn i t^  technology to  g e n e ra te  cu rved  groove fa c e ts .  By p r o ­

ducing F re s n e l  fac e ts  tha t a r e  c u rv e d , i . e . , w ith  focusing  po w er, each  ind iv idual fac e t can 

be in c re a se d  in s iz e , thus m in im iz ing  the  num ber of p eak s  and v a lle y s  w h ere  ligh t can  be 

lo s t , a s  shown in F ig u re  15. The b en e fits  of such  c u rv e d  groove le n se s  h a s  a lre a d y  been  

d e m o n stra ted  w ith  the  len s  p roduced  by O p tica l S ciences G roup fo r  a  V a ria n  Pho tovo lta ic  

co n cen tra tio n  sy s tem  u sin g  a  galium  a rs e n id e  s o la r  c e ll .  T h is sy s te m  ach ieved  a  3 to  4% 

in c re a se  in t ra n s m is s io n  o v e r a  c o m p arab le  f la t  g rooved  c o n c e n tra to r .

The b en efits  of u sing  c u rv ed  g roove dom ed F re s n e l  le n se s  to  ach ieve  the d esig n  c r i t e r ia  of 

u n ifo rm  in ten sity  d is tr ib u tio n , sm a ll spo t s iz e , and in sen s itiv ity  to  a n g u la r e r r o r s ,  can  b e s t 

be d e sc r ib e d  iy  analyzing  the  a b e rra tio n a l  p ro b le m s  of re f ra c tin g  o p tica l sy s te m s , and how 

those  a b e rra tio n s  can  be co n tro lle d  by u s in g  dom ed F re s n e l  le n s e s  w ith  cu rv ed  g ro o v es .

When design ing  s o la r  c o n c e n tra to rs , s p h e ric a l a b e rra tio n  m u st be c o r re c te d  in o r d e r  to  m in i­

m ize  the  spo t s iz e  p ro d u ced  by the  c o n c e n tra to r . C o rrec tin g  fo r  s p h e ric a l a b e rra tio n  in  F r e s ­

nel le n se s  is  a  s im p le  m a t te r  of design ing  the g ro o v es  p ro p e rly ; bu t, a  len s  c o rre c te d  fo r  

sp h e ric a l a b e rra tio n  w ill have a  v e iy  peaked  en erg y  d is tr ib u tio n . T hus, the p re c is e  design  

fo r  s o la r  c o n c e n tra to rs  is  s lig h tly  d iffe re n t f ro m  th a t of a  conventionally  sp h e ric a lly  c o r r e c t ­

ed  le n s . A gain, the r e q u ire d  g e n e ra l a sp h e r ic  s u rfa c e  can  be e a s ily  ap p ro x im ated  w ith  a  F r e s ­

nel le n s . U sing a  f la t  F re s n e l  le n s , the design  f re e d o m s ava ilab le  a r e  used  up in  try in g  to 

c o r r e c t  fo r  sp h e ric a l a b e rra tio n , i. e . , ge tting  a  sm a ll spot s iz e  w ith un ifo rm  in ten sity .

Com a is  one of the m o st s ig n ifican t a b e rra tio n s  not c o rre c te d  w ith f la t  F re s n e l  le n s e s . T h is  

a b e rra tio n  c a u se s  two m a jo r  p ro b le m s in  design ing  F re s n e l  le n se s  fo r  pho tovo ltaic  ap p lica tio n s. 

F i r s t ,  the tra c k in g  of the sy s te m  m u st be e x tre m e ly  a c c u ra te  b ecau se  ra y s  s tr ik in g  the len s  as 

l i t t le  a s  0.1*^ f ro m  n o rm a l w ill c a u se  a  s ig n ifican t in c re a s e  in  spot s iz e  due to  co m a. Second, 

the s u n 's  f in ite  s iz e  in tro d u ces  r a y s  th a t s t r ik e  the len s  a t la r g e r  an g les  than  0 .1 °  thus, even 

on ax is , a  s ig n ifican t am ount of com a o r  b lu rr in g  of the im age is  in troduced . A dom ed F r e s ­

nel le n s  th a t i s  designed  to  sa tis fy  th e  s in e  condition  can  m in im ize  o r  e lim in a te  the  e ffe c ts  of 

com a. A ngu lar e r r o r s  up to  0 .5 °  a r e  to le ra b le  w ith  l i t t le  change in  spo t s iz e  fo r  dom ed F r e s ­

nel le n se s  designed  to  m in im ize  com a. T h is  d e c re a s e  in se n sitiv ity  to  ang u la r e r r o r s  is  one 

of the  m o st im p o rta n t b e n e fits  of dom ed F re s n e l  le n se s  -  re su ltin g  in  the  ab ility  to  have h ig h er
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F ig u re  15. E ffic iency  L o sse s  Due to  G roove P eak s  and V alleys fo r  a  F la t G rooved L ens
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co n cen tra tio n  s y s te m s  a s  w ell a s  l e s s  a c c u ra te  tra c k in g . T hus, in  co m p ariso n  a  f la t  F re s n e l  

len s  h as  a  m axim um  co n cen tra tio n  of app rox im ate ly  550, w h ereas  hy dom ing the  F re s n e l  len s , 

co n cen tra tion  r a t io s  up to  1500 a re  ob tainab le . A t the  sam e tim e , tra c k in g  e r r o r s  up to  0. 5° 

a re  to le ra b le  w ith dom ed F re s n e l  le n se s , w h e re as  w ith  f la t  F re s n e l  len se s  a t  55OX tra c k in g  

m u st be a c c u ra te  to  0 .1 ° .

C hrom atic  a b e rra tio n  (change in  fo ca l length  w ith  w ave length) is  a lso  a  v e ry  s ig n ifican t p ro b ­

lem  when design ing  re f ra c t in g  s o la r  photovoltaic  c o n c e n tra to rs . B ecause  of the d isp e rs io n  

p ro p e r tie s  of the  p la s t ic  m a te r ia l  u se d  to  p roduce  F re s n e l  le n s e s , v e ry  l i t t le  can  be done to 

m in im ize  the  ch ro m a tic  a b e ra tio n  of the sy s te m . D om ing the F re s n e l ,  how ever, does m in i­

m ize  the  r e f ra c te d  ang les a t each  su rfa c e , thus reduc ing  the c h ro m a tic  sp re a d  by a  sm a ll 

am ount. T hus, dom ing the F re s n e l  len s  h a s  the added benefit o f reduc ing  c h ro m a tic  a b e rra tio n  

w hich is  one of the lim itin g  fa c to rs  on the  m axim um  co n cen tra tio n  ra tio  ob tainab le  w ith  r e f r a c t ­

ing concen tra ting  s y s te m s .

F o r  high co n cen tra tio n  s o la r  ap p lica tio n s  the  sp o t s iz e  ob tainab le  by f la t g rooved  F re s n e l  

le n se s  is  lim ite d  by the  w idth of the  g ro o v es s in ce  each  groove in  a  f la t  g rooved  F re s n e l  len s  

is  a  p r is m  w ith  pow er to  dev ia te  th e  beam , but no focusing  o r  co n cen tra tion  f>ower. T hus, the 

w idth of the groove l im its  the  m in im um  spot s iz e  ob tainab le . It a lso  r e s t r i c t s  the  freed o m  to 

p lace  the energy  f ro m  a  p a r t ic u la r  g roove to  a  p re c is e  p o sitio n  on the  s o la r  c e ll . On the  o th e r  

hand, if the  g roove spacing  is  m ade sm a ll, d iffrac tio n  e ffec ts  in c re a s e  the  sp o t s iz e  beyond 

the p h y sica l g roove w idth . By using  sing le  poin t diam ond tu rn in g  technology, w ide, cu rved  

g ro o v es can be g e n e ra te d . T h ese  g ro o v es have ra d i i  of c u rv a tu re  which a re  op tim ized  fo r  the 

p a r t ic u la r  loca tion  o f the  g roove  on the  le n s . T hus, by cu rv ing  the  g rooved  s u rfa c e s , not only 

a r e  the  lim ita tio n s  of m in im um  spo t s iz e  due to  f in ite  g roove w id ths rem oved , bu t the e ffec ts  

of d iffrac tio n  a r e  e lim in a ted .

In addition to  the a b e rra tio n a l  co n s id e ra tio n s  d e sc r ib e d  e a r l ie r ,  the  benefits  of dom ed F re s n e l  

le n se s  u sed  a s  s o la r  pho tovo lta ic  c o n c e n tra to rs  a lso  include a  red u c tio n  in p a r t  th ick n ess  o v e r 

th a t u sed  fo r  f la t  F re s n e l  s o la r  c o n c e n tra to rs . T h is  red u c tio n  in  th ick n ess  w ill enable  the 

c o s ts  of the c o n c e n tra to rs  to  be red u ced . In c re a se d  s tru c tu ra l  in teg rity  of dom ed F re s n e l  

le n se s  should be m uch im proved  o v e r  f la t  F re s n e ls .  T he ab ility  to  w ithstand  high w indloads
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and changes in  te m p e ra tu re  and hum idity  w ithout causing  s ign ifican t deg rada tion  to  the s y s te m 's  

p e rfo rm a n c e , should be co n sid e rab ly  im proved  fo r  dom ed F re sn e l  le n se s .

2 . 2 . 4  PROTOTYPE LENS ANALYSIS

OSG began  i ts  th e o re tic a l a n a ly s is  w ith  in fo rm atio n  fro m  GE that the d e s ire d  co n cen tra tion  

ra t io  w as app rox im ate ly  1200 and th a t the c e ll design  d ia m e te r  (A .M . 1 .5 , Si. s p e c tra l  r e ­

sponse) w as to  be 0 .2 "  in  d ia m e te r . The above co n sid e ra tio n s  d ic ta ted  th a t the len s  d ia m e te r  

be app rox im ate ly  7".

One im p o rtan t len s  p e rfo rm a n c e  c r i t e r ia  is  tra n s m is s io n . T ra n sm iss io n  is  a ffec ted  by the 

le n s  F -n u m b e r  a s  w ell a s  the  d eg ree  of dom ing; ne t tra n s m is s io n  is  not s ign ifican tly  affected  

by changes in  co n cen tra tio n  ra t io  in  the ran g e  of 400 to  2, 000. F -n u m b e r is  defined as  the 

fo ca l leng th  (m e asu red  fro m  the b ase  of the o u te r  dom ed su rfa c e  to the ce ll plane) divided by 

the  d ia m e te r  of the len s  c le a r  a p e r tu re .

L ens dom ing is  c h a ra c te r iz e d  th roughout th is  r e p o r t  by an input re fra c tio n  f ra c tio n . Input r e ­

fra c tio n  f ra c tio n  (INFRA) is  defined  a s  the f ra c tio n  of the to ta l re fra c tio n  (for a  g iven ray) that 

o c c u rs  a t the o u te r  s u rfa c e  of the le n s . An INFRA of 1 .0  sp ec ifie s  the m o st s teep ly  dom ed 

le n s , a ll  re f ra c tio n  is  done a t the  o u te r  s u rfa c e . An INFRA of 0 sp e c if ie s  a  f la t len s  w ith a ll 

of the  re f ra c tio n  done a t  the  in n er (grooved) s u rfa c e . A ll cu rv e s  w i t h  i n p u t  r e f r a c t i o n  f r a c t i o n  

0 .7  o r  above have p o s itiv e  sloping fa c e ts  w hich a re  m o re  e a s ily  m anufactu red . All cu rv e s  

w ith  input re f ra c tio n  f ra c tio n  0 .6  o r  le s s  have negative sloping fac e ts  which a re  m o re  d ifficu lt 

to m an u fac tu re . F ig u re  16 show s dom e heigh t fo r  v a rio u s  IN FR A s.

F ig u re  17 show s the tra d e o ffs  of tra n s m is s io n  v e rs u s  F -n u m b e r  a t v a rio u s  IN FRA s. High F -  

n u m b ers  w ith  INFRA = 0 .5  specify  le n se s  w ith the h ighest tra n sm is s io n , but an im p o rtan t fac to r 

re la tin g  to  m an u fac tu rab ility  o c c u rs  when INFRA is  g r e a te r  than  approx im ate ly  0 .7 . At INFRA 

le s s  than  0 .7  the  groove o p tica l su rfa c e s  m u st be negative slop ing  m aking eventual m a ss  p r o ­

duction  using  a  co llap seab le  c o re  in jec tion  m old  im p a ss ib le . F o rtu n a te ly  the s a c r if ic e  in t r a n s ­

m is s io n  a t INFRA = 0 .7  is  only ap p ro x im ate ly  0 . 5%, so it  w as decided  to keep INFRA = 0 . 7 .  

F -n u m b e r  w as chosen  to be 0 .7 5  a s  an a p p ro p ria te  com prom ise  betw een tra n s m is s io n  and 

m odule housing depth re q u ire d . H igher F -n u m b e rs  would give h ig h er tra n sm is s io n  but a t the
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expense of re q u ir in g  a  la r g e r  len s  to  c e ll  d is ta n c e . F o r  INFRA = 0 . 7  the s a c r if ic e  in  t r a n s ­

m iss io n  a t F -n u m b e r  = 0 .7 5 , co m p ared  to  the h ighest (m axim um  p o ss ib le  tra n sm iss io n )  F -  

num ber is  app rox im ate ly  0.6% .

F ig u re  18 show s peak  to  idea l flux  co n cen tra tio n  ra tio  v e rs u s  F -n u m b e r fo r  v a rio u s  INFRA. 

Ideal co n cen tra tio n  r a t io  a ssu m e s  a  p e rfe c tly  un ifo rm  sh o rt c irc u it  c u rre n t density  p ro file  

o v e r  the c e ll  design  a re a .  Ideal co n cen tra tio n  ra tio  is  equal to  the g e o m etric  co n cen tra tio n  

ra tio , o r  the ra tio  of len s  a r e a  d iv ided  by design  c e ll a re a .

A t INFRA = 0 . 7  the u n ifo rm ith  r a t io  os not a t  a  m inim um  but is  w ithin the  p re lim in a ry  design  

goal of 2 fo r  peak  to  idea l co n cen tra tio n  ratio^

F ig u re s  19 th rough  21 show tra n s m is s io n  onto the ce ll v e rs u s  tra ck in g  e r r o r  fo r  v a rio u s  F -  

n u m b ers  and IN FR A s. F o r  the ran g e  of INFRAs (0 .5  to  0 .8 ) and F -n u m b e rs  (0 .5  to  0 .929) 

c o n s id e red  tra c k in g  e r r o r  to le ra n c e  fo r  a  1% tra n sm is s io n  lo ss  is  alw ays approx im ate ly  + 0 .3  

d e g re e s , th e re fo re  tra c k in g  e r r o r  to le ra n c e  is  not a  s tro n g  function of INFRA o r  F -n u m b e r.
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T h is  is  b e cau se  ctf tiie edge of the  th e o re tic a l  s h o rt c irc u it  c u rre n t  density  p ro file s  a r e  s im ila r  

and tra c k in g  e r r o r  is  analogous to a  sh ift in  the G aussian  im age p o sitio n  on the  c e ll .

L ens th ic k n e ss  to le ra n c e s  w ere  ana lyzed  fo r  th ick n ess  v a ria tio n  fro m  the design  th ick n ess  and 

the  r e s u l ts  a r e  p lo tted  in F ig u re  22. U niform  th ick n ess  change of le s s  than  0 .025" does not s ig ­

n ifican tly  a ffec t t ra n s m is s io n . F ig u re  23 show s the effect of th ick n ess  change on un ifo rm ity . 

E r r o r  se n s itiv ity  to  len s  to  c e ll  spacing  e r r o r s  a re  shown in  F ig u re s  24 and 25. O ver a  range  

of spacing  e r r o r s  of + 0 .0 5 "  tra n s m is s io n  is  not s ign ifican tly  affec ted . U niform ity  i s  affected , 

w ith  peak  to  id ea l co n cen tra tio n  c h a i^ i i^  to  about 3 fo r  a  spacing  e r r o r  of 0 .0 4 " . T h u s, a c ­

co rd ing  to  the p lo ts  the  m odule len s  to  c e ll  spacing  e r r o r  to le ran c e  should be + 0. 010" and 

g r e a te r  than  -  0 .0 5 0 " . H ow ever, tra c k in g  e r r o r  sen sitiv ity  would be in c re a se d  a t a  len s  to  

c e ll  spacing  e r r o r  of -  0 .0 5 0 " , so  a  m odule len s  to  c e ll spacing  e r r o r  to le ran c e  of + 0 .010"  

is  recom m ended .

T he above d a ta  and an a ly s is  s e t  the  op tica l design  p a ra m e te rs  n e c e ssa ry  fo r  a  final len s  d e ­

s ign . T he above s e t  rea so n a b le  v a lu es  fo r  INFRA = 0 . 7 ,  F -n u m b e r  a t 0 .7 5 ; len s  d ia m e te r  is  

7" w ith  a  0 .2 "  d ia m e te r  c e ll s iz e . E xpected  p e rfo rm an ce  exceeds the design  g o a ls .

A s c a le  c ro s s - s e c t io n  d raw ing  of the  op tic s  layou t is  shown in  F ig u re  26. The len s  m axim um  

th ic k n e ss  is  0 .2 5 0 " , m in im um  th ick n ess  is  0 .1 5 0 " . The height of the dom e above the  top s u r ­

fac e  of the  m ounting flange is  2 .1 2 2 " . T he in n e r  F re sn e l  su rfa c e  h as  e igh teen  cu rved  fa c e ts .

F ig u re s  27 and 28 show the r e s u l t  of a  random  ra y  tra c e  of 102400 ra y s  s im u la ting  the A. M.

1 .5  s o la r  sp e c tru m , a n g u la r su b ten se  and a n g u la r in tensity  d is tr ib u tio n . T h e o re tic a l t r a n s ­

m is s io n  is  89.6% . P e a k  to  id ea l c o n cen tra tio n  ra t io  is  2 .2 1 .

The p lo t a t  the low er r ig h t of F ig u re  27 show s the  expected ra d ia l  d is tr ib u tio n  of sh o rt c i r ­

c u it c u r re n t  d ensity  on the  c e ll .  F ig u re  28 is  a  contour p lo t of c e ll  sh o rt c irc u it  c u r re n t  den ­

s ity ; the  c e ll  s iz e  re p re s e n te d  by the  o u te r , c i r c u la r ,  edge of the  p lo t is  0. 025". F ig u re  29 

show s tra n s m is s io n  v e rs u s  tra c k in g  e r r o r  fo r  th e  chosen  design . As expected  fro m  p rev io u s  

a n a ly s is  tra c k in g  e r r o r  s e n s itiv ity  is  ap p ro x im ate ly  ± 0 . 3  d e g re e s  fo r  a 1% tra n s m is s io n  lo ss .
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F ig u re  29. T ra ck in g  E r r o r  S ensitiv ity  fo r  C hosen D esign

2 . 2 . 5  SQUARE LENS ANALYSIS

OSG stud ied  the  th e o re tic a l p e rfo rm a n c e  o f a  sq u a re  a p e r tu re  dom ed le n se . F ig u re s  30 th rough  

33 show to ta l t ra n s m is s io n  v e rs u s  tra c k in g  e r r o r ,  F -n u m b e r , le n s - to -c e l l  p lane d is tan ce , in ­

put re f ra c tio n  f ra c tio n s  and co n cen tra tio n  r a t io s .  A s shown, th e re  a re  only m in o r d iffe re n c es  

in  tra n s m is s io n  and tra c k in g  e r r o r  to le ra n c e  betw een the  c ir c u la r  and sq u a re  a p e r tu re  dom ed 

le n s e s . The e ffec t of the  sq u a re  a p e r tu re  configu ration  on ir ra d ia n c e  un ifo rm ity  on the ce ll 

p lane  w as not c a lcu la ted .

2 .3  EM VJ CONCENTRATOR C E L L

P e r  the p ro g ra m  g ro im d ru le s  no c e ll developm ent w as to  be u n d e rtak en . A ccord ing ly  a  s u r ­

vey w as m ade of av a ilab le  h igh co n cen tra tio n  s o la r  c e lls .  B a s ica lly , two types  of c e lls  a re  

c u rre n tly  av a ilab le , GaAl AS and v e r t ic a l  g roove s ilic o n . E a r ly  in  the  p ro g ra m  it  w as decided  

to  u tiliz e  M icro w av e 's  A s so c ia te s ' EM VJ s ilico n  c e ll . T he ba lan ce  of th is  su b sec tio n  d e ­

s c r ib e s  th is  c e ll  technology.
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2 .3 .1  BACKGROUND

The in itia l e x p e rien ce  b a s is  fo r  the  EM VJ c e ll w as a  th re e  y e a r  high co n cen tra tion  photovoltaic  

c o lle c to r  study  conducted a t the M a ssach u se tts  In stitu te  of Technology (M IT). The MIT p ro ­

je c t  stud ied  pho tovo ltaic  c o lle c to rs  u s ir ^  m ir r o r  r e f le c to rs  having co n cen tra tio n s  of 200 -  500 

suns and s ilic o n  p h o to ce lls  having g eo m etry  of m ultip le  junctions w hich p rov ided  a  m eans of 

ob tain ing high e ffic iency . T he MIT h ig h -in ten s ity  photovoltaic  c e ll w ork  w as b ased  on the use 

of s in g le  c ry s ta l  s ilico n . I t  w as reco g n ized  a t  the o u tse t th a t high in tensity  o pera tion  could 

p rov ide  m a jo r  in c re a s e s  in  effic iency  (up to 50% in c re a se  as  in tensity  is  in c re a se d  to  1000 

suns), if s e r ie s  re s is ta n c e  could be su ffic ien tly  red u ced  and the c e ll adequately  cooled. T hus, 

the  conventional h o rizo n ta l junction  c e ll w as not in v estig a ted  because  of i ts  inheren tly  high 

s e r ie s  r e s is ta n c e ,  w hich r e s u l ts  in  la rg e  in te rn a l vo ltage d rops a t h igh in tensity  o pera tion .

The o rig in a l h ig h -in ten s ity  w ork  focused  on the  v e r t ic a l  m u lti-ju n c tio n  ed g e -illu m in a ted  ce ll, 

R efe ren ce  7, w hich we r e f e r  to  a s  the " s in te re d "  ce ll b ecause  it w as fa b r ic a te d  by s in te rin g  a 

num ber of s il ic o n  w a fe rs  contain ing  p+ and n+ su rfa c e  d iffusions, w ith  a lum inum  fo il p laced  

betw een the  w a fe rs , and then  s lic in g  through  the  re su ltin g  s ta c k . The re su ltin g  s tru c tu re  had 

a  num ber of p + /n  junctions connected  to g e th e r  in  s e r ie s ,  w ith the ligh t incident o rthogonal to 

the  junction  a x e s , so  th a t lig h t tra v e le d  e sse n tia lly  p a ra lle l  to  the junction  p lan e s . T h is  

s tru c tu re  had a  low s e r ie s  r e s is ta n c e ,  s in ce  c u r r e n t  tra v e le d  d ire c tly  through (norm al to) 

the p lane  of the junction  and had som e o th e r  a t tra c tiv e  fe a tu re s , but had a  num ber of inheren t 

p ro b le m s, such  a s  d ifficu lty  in  adequately  p a ssiv a tin g  the ligh t rec e iv in g  su rfa c e , d ifficu lty  in 

reduc ing  c e ll  th ic k n e ss , cooling p ro b le m s, e tc .

T o su m m a riz e  the m o st im p o rta n t r e s u l ts  of th is  w ork, it  w as found th a t in te rn a l s e r ie s  r e ­

s is ta n c e , the m o st s e r io u s  p ro b lem  w ith conventional h o rizo n ta l junction  dev ices o p era ted  a t 

h igh in ten s ity , can  be red u ced  to  neg lig ib le  p ro p o rtio n s  in  the o rthogonal dev ices by ap p ro p ria te  

configu ration . F u r th e r ,  w ith  th e se  dev ices  in c re a s e s , a s  a function of in tensity , a t the 

ra te  of ~  0 .1  V /d ecad e  to  about 1000 su n s . R efe ren ce  8 (with adequate cooling), the fill fa c to r  

(FF) in c re a s e s  w ith  in c re a s in g  in ten sity , and Jgg is  lin e a rly  p ro p o rtio n a l to  the incident in ­

ten s ity . T hus, the e ffic iency , 7?, in c re a s e s  w ith  in c re as in g  in tensity  up to the l im its  of the 

m e a su re m e n ts  m ^ e  and in the  absence  of s ig n ifican t heating  e ffe c ts . In addition, J  is
S C
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e sse n tia lly  independent of te m p e ra tu re  (0 -  100°C) a t a ll  in te n s itie s  m e a su re d , w hile both 

dVQjj/dT and D ff/dT  d e c re a s e  a t a  s ig n ifican t r a te  w ith  in c re a s in g  in ten s ity .

2 .3 .2  SE LE CTED CE LL  DEVE LOPM ENT

Building on the  MIT stuify d a ta  b ase  s in g le  c ry s ta l  s ilico n  c e lls  w ere  fa b r ic a te d  w hich had a  

new s tru c tu ra l  fo rm . T h ese  c e lls  took advantage of the  above-no ted  b en e fic ia l e ffec ts  of high 

in tensity , and had a  h ig h er  e ffic iency  than  any of the te s t  d e v ic e s . They w ere  fa b r ic a te d  using  

s ta n d a rd  m ic ro e le c tro n ic  tech n iq u es; the  fab rica tio n  p ro c e s s  lends i ts e lf  rea d ily  to  m a s s  p ro ­

duction p ro c e d u re s  and the  b a s ic  s tru c tu re  lends i ts e lf  to  a  la rg e  v a r ie ty  of configu ra tions - 

p rov id ing  a  g re a t  d ea l of f lex ib ility . T he key p ro c e s s  s tep  involved a n iso tro p ic  e tch ing  of 

n a rro w  g ro o v es in to  the  c ry s ta l-w a fe r ,  and the  s tru c tu re s  w e re  d istin g u ish ed  by the  in co rp o ­

ra tio n  of m u ltip le , " v e r t ic a l"  junctions ( i . e . , w ith  the  p -n  junction  a x is  o rthogonal to  the in­

com ing ligh t a x is ) . They a r e  conveniently  r e f e r r e d  to , th e re fo re , a s  E tched  M ultiple V e rtic a l 

Junction  (EMVJ) d ev ices , R e fe ren ce  9.

Many c e lls  a r e  m ade fro m  one s ilico n  w a fe r. T h ese  p re lim in a ry  c e lls  w ere  not op tim ized , 

s ince  they w e re  fa b r ic a te d  to  d e m o n s tra te  fe a s ib ility  of the design  and fa b ric a tio n  concep ts, 

and to  allow  the  d e te rm in a tio n  of both  the  p re s e n t  and po ten tia l e ffic iency  of th is  s tru c tu re . 

T h ese  dev ices  have a  d ire c tly  m e a su re d  AM I efficiency  of:

E ffic iency  
(without AR

Coating) In tensity

13 % 1 sun

18 % 100 suns

19 % 300 suns
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P ig u re  34 is  a  one sun  I-V  cu rve  fo r  an 

e x p e rim e n ta l dev ice  about 0 .3  cm  X 0 .4  

cm , co n s is tin g  of 18 "un it c e lls "  connect­

ed in s e r ie s ,  w ith  a  V . .  of ~  9 .6  v o lts ,

(a t one sun and 25°C ). F ig u re  35 show s.

rj, and F F  a s  a  function  of in ten sity

fo r  a  dev ice  w ith  only one "un it ce ll"  con­

n ec ted  e le c tr ic a l ly . The d e c re a se  in  rj 

beyond 300 suns w as due to  heating , a s  

v e rif ie d  by p u lse d  m e a su re m e n ts , and w as 

due to  the  re la tiv e ly  s im p le  cooling 

sch em e th a t had  been  u se d  in  th ese  te s t  

u n its , c o n s is tin g  sim ply  of w a te r  flowing 

d ire c tly  o v e r the b a se  of the  c e ll . F o r  th ese  

c e lls ,  dV ^g/dT  d e c re a s e d  fro m  - 2 . 1  m V /°C  

a t one sun  to  -  1 .6  m V /°C  a t 300 su n s .

25
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I  mA
.10

.05

-1 0  - 8  - 6  - 4  -2
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F ig u re  34. C urve of an 18 Junction  
EM VJ C ell, ~  0 .3  X 0 .4  CM, 

a t one Sun and 25°C
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F ig u re  35. E x p e rim en ta l T e s t  R e su lts  fro m  1 to 800 Suns fo r the EM VJ S tru c tu re  
o f F ig u re  5, w ith  only one Unit C ell E le c tr ic a lly  Connected to  the E x te rn a l C ontacts.
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U nder a  c o n tra c t w ith  Sandia L a b o ra to rie s , M /A  is  now investiga ting  s im p lified  v e rs io n s  of 

the  EM VJ c e ll , d esigned  fo r  o p e ra tio n  in  th e  ran g e  of 500 to  1200 suns. T h ese  s tru c tu re s  

have a ll the junctions  connected  in  p a ra l le l  th rough  the  u se  of a  p la ted  co n tac t m e ta liza tio n , 

w hich e lim in a te s  a  num ber of photo lithography  s te p s , and the c e lls  a re  in tended  to be so ld e re d  

d ire c tly  to  a  h e a t s ink . U nder th is  p ro g ra m  M /A  h a s  im p lem en ted  a  new s tru c tu re  shown in 

F ig u re  36 and a  new m e ta lliz a tio n  sch em e . T he e ffec t of u sing  v a rio u s  s il ic o n  b a se  r e s i s t iv i ­

t ie s  is  a lso  being  in v es tig a ted  in  o r d e r  to  op tim ize  the  c a r r i e r  life tim e  v e rs u s  base  r e s is t iv ity  

trad eo ff. In addition , M /A  is  u s in g  AR coatings and im proved  p ro c e s s in g  techn iques in  o rd e r  

to  a s s u re  c o n sis ten tly  lo n g er c a r r i e r  l ife tim e s  w ith  m in im um  s e r ie s  r e s is ta n c e .

I N C I D E N T  L I G H T

.0056”

.0004”

.008"  • .010 '
I N j - Au  
I P L A T I N G  ‘

.006" ;

4
Nj-Au P L A T I N G  ^

F ig u re  36. Schem atic  of C ell S tru c tu re  Being F a b r ic a te d  fo r  Sandia. 
(End on V iew is  a  C ro ss -S e c tio n ; AR Coating and In te rco n n ec t 

B uss on Top S urface  not Show n.)

U nder th is  p ro g ra m  M /A  h as  developed  fab rica tio n  p ro c e d u re s  fo r  rep ro d u c ib le  con tro l of 

groove d im ensions, and fo r  ach iev ing  un ifo rm  p la ting , good adhesion , and low con tac t r e ­

s is ta n ce  w ith p la te d  N i-A u m e ta lliz a tio n  on the g roove w a lls . F u r th e r  developm ent is  being 

d ire c te d  to w ard s op tim iza tion  of p ro c e s s in g  p a ra m e te r s ,  c e ll g eom etry , and AR coa tings . At
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the p re s e n t  tim e , im proved  p ro c e s s in g  p ro c e d u re s  have re su lte d  in  su b stan tia lly  in c re a se d  

v a lu e s  fo r  Vqc and F F , due to  an  in c re a s e  in  m ino rity  c a r r i e r  life tim e  in the b a se  reg ion . 

F ig u re  36 show s r e s u l ts  fo r  Vq^,, F F , and rj fro m  1 to 600 suns (at 28°C) fo r  dev ices using  

the  o ld e r  p ro c e ss in g , fo r  sm a ll te s t  u n its  w ith an ac tiv e  a re a  93 m ils  in  d ia m e te r  (0 .044 cm^) 

on a  108 X 108 m il chip . T yp ical r e s u l ts  fo r  dev ices u sing  the new er p ro c e ss in g  a re  shown in 

p a re n th e se s  fo r  1 sun only. T h ese  d ev ices  a re  0 .25"  sq u a re  w ith a  to ta l a re a  of ~  0 .4  cm ^. 

On a  to ta l a re a  b a s is ,  excluding only the  b u ss  s tr ip e s  a t e ith e r  end of the c e ll, Jg^, = 31 m A / 

cm^ fo r  a  X/4 oxide, and 3 3 .5  m A /cm ^ fo r  a  non-op tim ized  n itr id e  AR coating a t A M I. W ith 

Voc = 0 .58  v o lts  and  F F  = 0 .7 9 , the 1 sun  efficiency  is  ~  15% (at 27°C ). F o r  th ese  dev ices 

w ith im proved  c a r r i e r  l ife tim e , in c re a s e d  w ith  in tensity  a t the r a te  of ~  0 .0 8  v o lts /  

decade .

The r e s u l ts  in  F ig u re  37 c le a r ly  show the e ffec t on the f ill fa c to r  of a  reduction  in  s e r ie s  r e ­

s is ta n c e  -  F F  now in c re a s e s  r a th e r  than  d e c re a s e s  with in c re as in g  in ten sity . T he in c re a se  

in  Vqp w ith  In  (I) now c o n trib u te s  to the in c re a s e  of efficiency  without being lim ited  by a

0.80(0)1

sca le
0.75Fill factor ( F F )

0.8

0.7

> 0.6
sc a le

0.5

Cell eff ic iency (*?)

10'

Equivalent A M I intensity (Suns)

F ig u re  37. E x p erim en ta l R e su lts  fo r  F F , and r] a s  a F unction  of In tensity . 
V alues in  P a re n th e s e s  a re  fo r  N ew er C e lls  Using Im proved  P ro c ess in g .
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d e c re a se  in  F F .  In p a ra l le l  to  th is  p ro g ra m , M /A  h a s  been  investiga ting  im proved  AR coa t­

ings and s t i l l  low er te m p e ra tu re  p ro c e s s in g ; e ffic ie n c ie s  in  e x c e ss  o f 22% a t  100 su n s  o r  h igh ­

e r  a re  expected  to  be re a l iz e d  w ith  th is  c e ll design .

2 .4  C ELL MOUNT

2 .4 .1  INTRODUCTION

In the c e ll m ount su b sy stem  th e re  a re  two p ro b le m s to  be d ea lt w ith  in  sy s te m s  using  con­

c e n tra to rs  and th e se  a re :  (1) the  need fo r  e ffec tive  cooling to  avoid the dec line  of c e ll  co n v er­

sion  efficiency  th a t com es w ith  h ig h er c e ll  te m p e ra tu re s , and (2) the m in im iz ing  of s e r ie s  ce ll 

re s is ta n c e  to  keep  the  I^R lo s s e s  low even  w ith the high c u r re n ts  th a t flow  w ith co n cen tra ted  

sun ligh t. T h e re  a r e  m any so lu tions  to  th e se  p ro b le m s and i t  w as the a im  of th is  p ro g ra m  to 

find the low est c o s t, h ig h est e ffic iency  sy s te m  th a t w ill p rov ide  re l ia b le  p e rfo rm a n c e  o v e r a  

long life .

T he c e ll cooling  sy s te m  can  u se  n a tu ra l convection, fo rc e d  convection, o r  w a te r  cooling. Suf­

fic ien t ca lcu la tio n s  w e re  m ade to  ind ica te  th a t the sy s te m  can be ru n  in  any of th ese  w ays. The 

u ltim ate  m ethod chosen  w ill be influenced  by the end app lication .

2 .4 .2  SELECTED  C E L L  MOUNT DESIGN

An iso m e tr ic  v iew  o f the  c o n c e n tra to r  c e ll  m ounted on the c o p p e r- to -b e ry llia - to -c o p p e r  san d ­

w ich w ith connection  to  the feed th roughs is  shown in F ig u re  38. C onnections to both the p - and 

n -co n tac t a re  m ade to  co p p er w hich is  d i re c t  bonded to  the top of the  b e ry l l ia  w afe r. A nother 

p iece  of co p p er is  d ire c t  bonded to  the  bottom  of the  b e ry ll ia  to  m ake a  ba lan ced  s e a l and th is , 

in tu rn , is  so ld e re d  to  the  co p p er b ase  by #151 s o ld e r .

In te m p e ra tu re  cycling  w ith  m a te r ia ls  having  sign ifican tly  d iffe ren t expansion  co -e ffic ie n ts , 

the  w eak est link  is  freq u en tly  not the  so ld e r , bu t the  m e ta lliz a tio n  on the c e ra m ic  jo ined  to  the 

so ld e r . N orm ally , th is  m e ta lliz a tio n  c o n s is ts  of a  copper film  p la ted  on a  th in  m oly film  ap ­

p lied  the  m o ly -m an g an ese  p ro c e s s , o r  th ick  p re c io u s  m e ta l f i lm s . T he p ro b lem  w ith th ese  

m eta lliz a tio n s  is  th a t th e i r  in te r fa c ia l th e rm a l r e s is ta n c e  is  re la tiv e ly  h igh, and the bond
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SO L A R  CELL

. 0 0 5  COPPER 
P CONlsitCTlOM

-.025 beryllia wafer

SOLDER

.0O5COPPER 
M COK)NECTIOK)

F ig u re  38. I so m e tr ic  View of C ell Mount D esign

in te g rity  is  questionab le  when se v e re ly  te m p e ra tu re  cycled . A nother p rob lem  is  the lim ited  

c u r re n t  c a rry in g  capac ity  of such  f ilm s , re su ltin g  in s ign ifican t IR d ro p s, which would be 

p a r t ic u la r ly  u n d e s ira b le  in  the p re s e n t  app lica tion . N orm al th ick  film  m e ta lliza tio n  is  about 

1 -m il th ick  and has a  sh ee t re s is ta n c e  of the o rd e r  of 1 .5  m illiohm s p e r  sq u a re  o r  a s  high as

4 .4  m illio h m s p e r  sq u a re  u sing  s tro n g ly  bonded copper f r i t  f ilm s . T h ese  d isadvan tages a re  

overcom e by the u se  of "D irec t-B o n d ed  C opper, " developed a t GE and p re se n tly  co m m erc ia lly  

av a ilab le  fro m  GE in pow er m odules and d is c re te  pow er dev ices . In th is  design  the b e ry llia  

in su la to r  is  c lad  w ith a  5 -m il copper fo il w ithout an in te rm e d ia ry  "g lue" la y e r . T h is  is  accom ­

p lish e d  w ith the CuO e u te c tic  a t 1065°C, using  a  s ing le  p a ss  through a  c o m m erc ia l tunnel oven 

in a  fac to ry  g rad e  n itrogen  a tm o sp h e re . T h is  approach  re s u l ts  in a  sh ee t re s is ta n c e  of 0 .2  

m illio h m s p e r  c e ll, o r  an IR drop  w hich is  le s s  by 0 .009  V, and an I^R d iss ip a tio n  reduced  by

0 .037  w a tts  w ith  r e s p e c t  to  the equ ivalen t th ick  film  m e ta lliza tio n . In addition, the d ire c t-  

bonded copper h a s  a  bond s tre n g th  in  e x c e s s  of 20, 000 p s i ,  and p e rm its  the  a ttachm en t of con­

ta c ts  w ith  neglig ib le  IR d ro p s . T h e rm a l cycling  of such  bonds has ind icated  excep tionally  high
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bond in te g rity . C om binations of 1 /8 -in c h  th ick  Cu p la te s , 1 -in ch  d ia m e te r  d irec t-b o n d ed  Cu 

c lad  2 5 -m il th ick  BeO s u b s tra te s , and 0 .7  x  0 .4  inch sem ico n d u cto r ch ips, so ld e red  to g e th e r  

in  the  lab o ra to ry  w ith Indalloy 151 so ld e r , a re  re p re s e n ta tiv e  of a s se m b lie s  w hich have su c ­

ce ss fu lly  w ithstood  s e v e re  th e rm a l cycling . M ount h a rd w a re  developed  du ring  the p ro g ra m  

is  shown in F ig u re  3. T e s t  r e s u l ts  m ay be found in  Section  4 .3 .
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SECTION 3

PROTO TYPE MODULE DESIGN DEVELOPM ENT

3 .1  MODULE DESCRIPTION

T he p ro to type  m odule shown in F ig u re  4 c o n s is ts  of fou r b as ic  com ponents: dom ed F re sn e l  lens, 

len s  m ounting f ra m e , low er housing , c e ll r e c e iv e r  un it. The c e ll r e c e iv e r  unit co n s is ted  of 

fo u r  e lem en ts : p ro te c tiv e  cone, c e ll m ount, c e ll  r e c e iv e r  m ounting socket and a h ea t s ink . It 

w as the in ten t of th is  p ro g ra m  to  define a  m odule design  approach  tha t is  com patib le w ith high 

volum e p ro d u ctio n . S pec ifica lly , it  is  p lanned  to  in jec tion  m old the dom ed F re s n e l  len s , hous­

ing p a r ts  and c e ll r e c e iv e r  m ounting socket. 1 ^  m olding these  p a r ts  out of com patib le m a te ­

r i a l s  a lignm ent and a ttach m en t fe a tu re s  can be " b u il t- in ."  The intent of the prototj^pe w as to 

d e m o n s tra te , a s  m uch a s  p o ss ib le , the fe a s ib ility  of th is  approach .

To th is  end re p re s e n ta tiv e  p roduction  m a te r ia ls  w ere  used  fo r  the len s , housing and r e c e iv e r  

so ck e t. Due to  funding and schedu le  c o n s tra in ts  the ac tua l p ro to type  h a rd w are  had to be fab ­

r ic a te d  u sing  techn iques  m o re  a p p ro p ria te  fo r  one of a  kind developm ent h a rd w are . The len ses  

w e re  d ire c t  diam ond cu t out of b lanks of c a s t  a c ry lic . The housing w as th e rm o -fo rm e d  and 

m ach ined  out of sh e e ts  of capstock  ROVEL and m edium  im pact ABS. The r e c e iv e r  sockets  

w e re  m ach ined  out of b lanks of T exo lite  (filled  pheno lic ).

3 .1 .1  PROTO TYPE LENS

Two c ir c u la r  sev en  inch  d ia m e te r  dom ed le n se s  w ere  d ire c t  diam ond cut by OSG, The sp e c if i­

ca tio n s  fo r  th ese  p ro to type  le n se s  a re  p ro v id ed  in T ab le  7. F o r  the pro to type design, a ccu ­

ra te ly  d r il le d  m ounting ho les  in  the len s  m ounting fram e  along w ith a  lens flange w ere  used  to 

a c c u ra te ly  r e g is te r  in  X and Y the le n se s  in  the  p ro to type  housing.

3 .1 .2  PROTO TYPE HOUSING

The pro to type  housing  co n s is ted  of a  top len s  m ounting f ra m e  and a  low er housing half. Both 

h a lv es  w e re  sim u ltan eo u sly  m ach ined  and dow eled to  e n su re  accu ra te  le n s - to -c e l l  m ount r e g ­

is tr a t io n . The housing  s e rv e s  to m ain ta in  the le n s - to -c e l l  spacing , r e s i s t  deflections due to 

the  v a rio u s  loads and m ain ta in  a  reaso n ab ly  c lean  d u s t- f re e  env ironm ent fo r  the lens fac e ts  

and c e ll m ounts.

3-1



3 .1 .3  C E L L  RECEIVER

The c e ll  r e c e iv e r  shown in  F ig u re  4 c o n s is te d  of the EMVJ c o n c e n tra to r  c e ll  d ire c t  bonded to 

a  co p p e r-B eO -co p p er s u b s tra te  w hich w as so ld e red  to  a  th read ed  copper hea t s p re a d e r  stud .

A th e rm a l r e s is ta n c e  ca lcu la tio n  fo r  the  m ount is  p ro v id ed  in F ig u re  39.

T he copper h e a t s p re a d e r  s tud  w as configured  to  a c cu ra te ly  "p lu g -in "  to  the m ach ined  T exo lite  

so ck e t. The socket in - tu rn  w as designed  to "p lu g -in "  to  the a c c u ra te ly  d r il le d  loca ting  ho les 

in the bottom  of the low er housing ha lf. A m odified  0 .3  pound W akefield #3560-2 ex truded  

alum inum  h e a t sink is  a ttach ed  to  the  copper h e a t s p re a d e r  v ia  the  th re a d e d  s tud . A n ickel 

p la ted  s te e l  dom e is  u se d  to  p re v e n t o ff-a x is  focused  sun ligh t fro m  dam aging the  housing . 

F ig u re  40 show s a  c ro s s  se c tio n a l view  of th ese  com ponents.

3 .1 .4  ALIGNMENT TOLERANCES

T h re e  m ain  so u rc e s  of poin ting  e r r o r  w e re  evaluated ;

1. M odule A ssem bly

2. A rra y  T rack in g  S tru c tu re  M ount, i . e . ,  d e flec tions, a lignm en ts

3. T rack in g  E le c tro n ic s  and S e n so rs

The follow ing a r r a y  e r r o r  budget w as developed:

E quivalen t A ngu lar E r r o r  

M odule A ssem bly  0 .2 7 °

T ra ck in g  S tru c tu re  0 .2 0 °

T rack in g  E le c tro n ic s  0 .1 8 °

T o ta l RMS E r r o r  0 .3 8 °

T h is  budget c o r r e la te s  w ith le s s  than  a  5% a r r a y  p e rfo rm a n c e  d e c re a s e .
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CuPb.

BeO .Cu
Pb —

Cu #1

Cu #2

Cu #3

MATERIAL K THICKNESS A R EA j IN)2 R °C/WATT

Si 3.8 .010" .049 .054

Pb .883 .001" .053 .021

Cu 10. .005" .057 .0088

BeO 5.85 .025" .071 .0602

Cu 10. .005" .087 .0057

Pb . 883 .001" .091 .0124

Cu #1 10. .062" .126 .0492

CU #2 10. .094" .246 .0382

CU #3 10. .094" .442 .0213

R = 1
K A

TOTALS

. 250°C/WATT  

. 271 °C /WATT

F ig u re  39 . T h e rm a l R e s is ta n c e  C alculation
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PROTECTIVE
CONE

C E L L  MOUNT
HEAT
SINK

F ig u re  40. C ro s s  Section  View of P ro to ty p e  L ens -  C ell -  R e c e iv e r  A ssem bly

B ased  on the r e s u l ts  of the  d e ta ile d  len s  a n a ly s is  and d isc u ss io n s  w ith s e v e ra l  m anufactu ring  

e n g in e e rs  the follow ing m odule a lignm en t budget w as developed:

MODULE ALIGNMENT BUDGET 7-5 X, y" z"

LENS/MOUNT FRAME 

RECEIVER SOCKET/HOUSING 

C E LL RECEIVER/HOUSING 

C E L L /C E L L  MOUNT

0 .0 1 5

0 .025

0 .015

0 .0 1 0

0 .020

0 .020

0 .015

0 .010

TO TAL MODULE RMS ERROR 
(EQUIVALENT TO 0 .2 8 °)

+ 0 .035" + 0 .035"
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3 .1 .  5 THERIVIAL ANALYSIS

T h e rm a l a n a ly ses  w e re  conducted in  o rd e r  to  s e le c t  a  su itab le  hea t sink, and eva lua te  cand i­

d a te  p ro te c tiv e  cone and housing  m a te r ia ls .  A s a  re s u l t  of th ese  an a ly ses  a  0 .3  pound m odi­

f ie d  W akefield a lum inum  h ea t s ink  w as se le c te d . N ickel p la ted  s te e l w as chosen  as  the p ro ­

tec tiv e  cone m a te r ia l  and a  75°C h e a t d is to r tio n  te m p e ra tu re  req u irem e n t w as e s ta b lish e d  fo r  

the  len s  and housing m a te r ia ls .  The follow ing su m m a riz es  each  of th ese  an a ly s is .

H eat Sink S elec tion

T he follow ing le n s  and c e ll  design  c h a ra c te r is t ic s  w ere  assu m ed  fo r the p ro to type  m odule:

Lens -  D ia m e te r  = 7 "

G eom etric  co n cen tra tio n  ra tio  = 1250 

T ra n sm iss io n  efficiency  = 85%

C ell -  A ctive a re a  = 0 .2 5 "  d ia m e te r  

F lu x  spo t s iz e  = 0 .2 "  d ia m e te r

E ffic iency  @ 28°C , 1000 suns = 20% (w /silico n  n itr id e  coating)

T e m p e ra tu re  coeffic ien t = 0 .3 % /°C

T he s te p -b y -s te p  ca lcu la tio n  p e rfo rm e d  in d e te rm in in g  the h ea t sink size  is  a s  follow s:

Lens a r e a  = 0 .0248  m^

2
Inciden t en e rg y  on len s  @ 1 kW /m  = 2 4 .8  w att

Net c e ll pow er output fo r  15% 77 = 0 .1 5 * 2 4 .8  = 3 .72  w atts

G ro ss  c e ll output w ith  2% w irin g  lo ss  = 3 .7 2 /0 .9 8  = 3 . 8  w att

Incident energy  on c e ll, a ssu m in g  no o p tica l lo ss  th rough the g la ss  cover = 2 4 .8 * 0 .8 5  =
21 .08  w att

C ell e fficiency  re q u ire d  fo r  3 . 8  w att output = 3 .8 /2 1 .0 8  = 18.03%
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The c e ll o p e ra tin g  te m p e ra tu re  (Tc) re q u ire d  fo r  18.03%  tj can  be d e te rm in ed  by:

C ell 77 = C ell t?2 3 0 c  * (1 -tem p , coeff. * (Tc-28))

0 .1803 = 0 .2 0  * (1 -  0 .003  * (Tc-28))

Tc = 60jJ 3 ^

The th e rm a l energy  g e n e ra te d  u n d er the above cond itions can be obtained  by su b trac tin g  fro m  

the inciden t s o la r  flux, the c e ll e le c tr ic a l  output (3 .8  w att) and the  energy  re f le c tin g  off the 

c e ll. The re f le c tiv e  lo s s e s  c o n s is t  of the  lo ss  fro m  the en capsu la tion  g la s s  c o v e r (~ 4%) and 

the lo ss  due to  in fra re d  rad ia tio n  (20% of s o la r  sp ec tru m ) re f le c tin g  off (~ 70%) the n ickel 

m e ta lliza tio n  la y e r . T hus, the to ta l th e rm a l energy  g e n e ra te d  is ;

21 .08  -  3 .8  -  (31 .08  * 0 .04) -  (21 .08  * 0 .96  * 0 .02  * 0 .7 )

= 13^J_w ^

The th e rm a l r e s is ta n c e  f ro m  the c e ll  to  the  h ea t sink  is  app rox im ate ly  0 .4 0 1 °C /w a tt (0 .2 7 1 °C / 

w att f ro m  c e ll  to  copper h e a t s p re a d e r , 0 . 13 °C /w att fo r  copper to  h e a t sink  con tac t su rfa c e  

re s is ta n c e ) . T hus, a t s ta n d a rd  te s t  conditions:

AT fro m  c e ll to  h ea t s in k  = 1 3 .6 x 0 .4 0 1  = 5 .5 °C

AT fro m  20°C am bien t to  hea t sink  = 60 .83  -  5. 5 -  2 0 .0  = 3 5 .33°C

So, the  m axim um  h ea t s ink  th e rm a l r e s is ta n c e  allow ed is  3 5 .3 3 /1 3 .6  = 2 .6 0 °C /w a tt.

T h e re  a re  n um erous o ff- th e -sh e lf  a lum inum  hea t sink  d es ig n s  w hich have approx im ate ly  the  

sam e w eight fo r  the re q u ire d  th e rm a l r e s is ta n c e  p ro p e r ty . H ow ever, in  o rd e r  to  fa c ili ta te  the 

h ea t s ink  to  c e ll  m ount to  m odule housing  in teg ra tio n , c e r ta in  h e a t s in k  g e o m e trie s  a re  re q u ired : 

it m u st be f la t  on one s id e ; the fin  spacing  a t the  c e n te r  of the h ea t s in k  m u st be w ide enough to 

accom m odate  the  ce ll m ount copper s tud  feed -th ro u g h  and the m ounting su rfa c e  m u st be n a rro w  

enough to p rev e n t in te r fe re n c e  w ith  the m ounting of ce ll a ssem b ly  to  housing  b a sep la te . A s a
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r e s u l t ,  a  W akefield  3560-2 ex tru d ed  h e a t sink , a s  shown in  F ig u re  41, w as se le c te d  fo r  the 

p ro to ty p e  m odule app lication .

0 .  25'

J — U

REMOVE

W A K E F I E L D  3 5 6 0 - 2 ,  2"  L E N G T H

S T O C K E D  W E I G H T  ~ 0 . 9 L B .  T H E R M A L  R E S I S T A N C E ,  N A T U R A L  C O N V E C T I O N  =  1 . 2 5 ° C / W A T T  

M O D I F I E D  P R O T O T Y P E  W E I G H T  ~ 0 .  3  L B .

F ig u re  41. P ro to type  M odule H eat Sink C onfiguration

T he th e rm a l r e s is ta n c e  fo r  a  2" long 3560-2 h e a t s ink  in n a tu ra l convection is  1 .5 0 °C /w a tt. The 

fin ish ed  h e a t s ink  fo r  the m odule a f te r  s lig h t m odification  w ill weigh about 0 .3  pound.

A v e rif ic a tio n  e ffo r t w as conducted in  o rd e r  to  t ry  and d e te rm in e  how w ell o u r  th e rm a l an a ly s is  

m odel f i ts  the ex p e rim en ta lly  m e a su re d  d a ta  fo r  c u rre n tly  ava ilab le  hea t s in k s . E xce llen t 

a g re e m e n t w as found betw een the co m p u te r p re d ic tio n s  and m a n u fa c tu re r 's  da ta . A m o re  de­

ta i le d  d isc u ss io n  of th is  a n a ly s is  is  found in  A ppendix A.
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P ro te c tiv e  Cone A nalysis

D u r ii^  s o la r  acq u is itio n , the  dom ed F re s n e l  le n s  c o lle c to r  undergoes a  defined p e rio d  of tim e  

during  w hich the  p ro te c tiv e  sh ie ld  o r  cone is  exposed  to  the  o ff-a x is  focus of s o la r  rad ia tio n . 

An a n a ly s is  w as m ade of the m ask  te m p e ra tu re  du ring  the o ff-a x is  t ra n s ie n t  to  d e te rm in e  

w hether th e rm a lly  in su la tin g  w a sh e rs  w e re  n e c e s sa ry  to  p ro te c t the tex to lite  r e c e iv e r  so ck e t. 

If the cone is  c o n s tru c te d  of ch rom e o r  n icke l p la te d  s te e l ,  the a n a ly s is  e s tim a te s  only a  v e ry  

m o d era te  te m p e ra tu re  r i s e  in  the  m ask . In a  w o rs t  c a se  sc e n a r io , in  w hich the  c o lle c to r  r e ­

m ain s  fixed  o ff-a x is  a t  m axim um  in so la tion , the m ask  would s t i l l  su rv iv e , rea c h in g  an equ ilib ­

r iu m  te m p e ra tu re  of about 4 0 0 °F . A p lo t of cone te m p e ra tu re  v e rs u s  o ff-ax is  angle and dw ell 

tim e  is  p ro v id ed  in F ig u re  42. A m o re  d e ta ile d  d e sc r ip tio n  of th is  a n a ly s is  is  p ro v id ed  in 

Appendix B.
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M odule T h e rm a l A nalysis

T he te m p e ra tu re  d is tr ib u tio n  w ith in  the  PV m odule is  of in te re s t ,  fo r  s e v e ra l re a s o n s . The 

te m p e ra tu re  a tta in ed  by the m odule im p ac ts  on the choice of m a te r ia ls  fo r  the m odule; i t  a lso  

a ffe c ts  the  focus of the  F re s n e l  le n s , due to  abso lu te  and d iffe ren tia l th e rm a l expansion  of 

m odule p a r t s .  In o rd e r  to  d e te rm in e  the  te m p e ra tu re  d is tr ib u tio n , an an a ly s is  w as p e rfo rm e d .

T he a n a ly s is  c o n s id e red  a  m odule c o n s tru c te d  of p la s t ic  m a te r ia l.  B riefly , the  th e rm a l m odel 

c o n s is ted  of 4  nodes, p lu s  one fo r  the am b ien t su rro u n d s . The PV ce ll te m p e ra tu re  w as con­

s id e re d  fixed , i. e . , h e a t t r a n s fe r  fro m  c e ll to  h ea t sink to am bien t w as not exam ined  h e re . 

S te ad y -s ta te  so lu tions  fo r  v a rio u s  cond itions w e re  obtained v ia  a  sm a ll fin ite  -  d iffe rence  p r o ­

g ra m , execu ted  on the  HP9810A c a lc u la to r, the  r e s u l ts  of w hich a re  shown in F ig u re  43.

u
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F ig u re  43. M odule T e m p e ra tu re  A nalysis
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SECTION 4 

PROTO TYPE HARDWARE TESTING

4 .1  TEST SUMMARY

E ach  le n s , c e ll and c e ll  m ount w as te s te d  p r io r  to  m odule in teg ra tio n . The len se s  w ere  te s te d  

by OSG, GE and fina lly  by Sandia. The c e lls  w ere  te s te d  by M icrow ave A sso c ia te s ' p r io r  to 

sh ipm en t to  GE. GE then  m e a su re d  f il l  fa c to r  b e fo re  and a f te r  c e ll m ount fab rica tio n . M ount 

th e rm a l r e s is ta n c e  and s tan d -o ff  vo ltage w as a lso  m ea su red .

M odule p e rfo rm a n c e  te s tin g  c o n s is ted  of ob tain ing  I-V  c h a ra c te r is t ic s  fo r  individual le n s -c e ll  

m ount com binations u n d er ou tdoor sun ligh t cond itions. D uring the  outdoor te s ts  the pro to type 

housing  w as u sed ,

The ba lance  of th is  sec tio n  d e s c r ib e s  in m o re  d e ta il the len s , ce ll m ount and m odule te s t  e f­

fo r ts .

4 .2  DOMED FR ESN EL LENS TESTING

T he m ain  p e rfo rm a n c e  a re a s  analyzed  in the lab  w ere :

1. Spot s iz e  ( len s  g e o m e tric  concen tration)

2. In ten sity  p ro file  (peak to  av erag e  co n cen tra tion  ra tio )

3. L ens efficiency

The lab  te s ts  w ere  not in tended  to  s im u la te  ac tu a l m odule conditions and th e ir  re s u l ts  cannot 

be u sed  a s  an  abso lu te  ind ica tion  of outdoor sunlight p e rfo rm a n c e . H ow ever, the lab re s u l ts  

w e re  v e ry  usefu l in  confirm ing  the shape of the  focused  flux p ro file , optim um  "focal"  d istance  

and len s  co n cen tra tio n  r a t io .  In addition , the  lab  te s ts  ind ica ted  th a t the len s  tra n s m is s io n  

a p p e a rs  to  m ee t the sp e c ifie d  t ra n s m is s io n  goal of 83%,
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4 .2 .1  GE LENS TEST SE T -U P

The te s ts  w e re  conducted in  a  room  app rox im ate ly  10' x  20 ' in s iz e , u sing  the te s t  s e t-u p  shown 

in F ig u re  44 and d e sc r ib e d  a s  fo llow s:

1. L ight Source -  tungsten  so u rc e  ac  (voltage regu la ted ) m ade by C a rl Z e is s .

2. Ground g la s s  d iffu se r .

3. A p e rtu re  app rox im ate ly  0 .2 6 "  d ia m e te r , s im u la te  s u n 's  an g u la r su b stan ce  (app rox i­
m ate ly  1 /2 °  angle).

4 . B affle , b lack  fe lt  (app rox im ate ly  2" sq u a re  a p e rtu re ) .

5. C o llim ato r -  F re sn e l  len s  30" F L , approx im ate ly  20" x 30" s iz e .

6. H older fo r  te s t  le n s .

7. 3 ax is  p o s itio n e r  in p lane  of ce ll (used  fo r  m ounting Redicon d e te c to r  o r  W eston c e ll) .

The tungsten  ligh t so u rc e  u sed  w as not c o rre c te d  fo r  a i r  m a s s  1. 5 s o la r  sp e c tru m . T hus, 

d a ta  taken  is  not expected  to  c o r re la te  p re c is e ly  w ith  d a ta  taken  using  the  sun  and s ilico n  c e ll .

4 .2 .2  OSG LENS TEST SE T -U P

The equipm ent u sed  a t OSG is  shown in  F ig u re  44 . All d a ta  taken  a t OSG w as fo r  m onochro ­

m atic  ligh t (6328 A ) .

4 .2 .  3 LENS SPOT PR O FILE  AND SIZE

The f i r s t  da ta  th a t w as taken  w as to  m e a su re  the s iz e  and p ro file  of the c o n cen tra ted  ligh t spo t. 

A R edicon d e te c to r  having 1024 s e n s o rs , each  app rox im ate ly  25 pm  w ide, w as u sed . A s e r ie s  

of pho tographs showing the in tensify  p ro file  w ere  taken , see  F ig u re  45 . T h e se , th rough  focus 

sh o ts , show how the d ia m e te r  and in ten s ity  d is tr ib u tio n  of the  spot changes w ith  c e ll  to  len s  

d is tan ce .

The b e s t ce ll p o sitio n  se e m s  to  be app rox im ate ly  0 .1 0 0 "  fu r th e r  away fro m  the  len s  than  the 

o rig in a l design  v a lue . I t  is  be lieved  th a t th is  0 .100"  v a ria tio n  is  due to  the -  0 .020"  in  len s  

th ick n ess  cau sed  by m anufactu ring  p ro b le m s. T h is  in fo rm ation  w as used  in  m ounting the len s
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GE LENS TEST S E T -U P
2 M E T E R S
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F ig u re  44. L ens T e s t Set-up
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( C )  - 0 . 0 7 8 7 " ( F )  + 0 . 0 9 8 3

Figure 45. Flux Profiles for Prototype Lens No. 2



in to  the p ro to ty p e  m odule . U sing the R edicon  the spo t s iz e  is  seen  to  be approx im ate ly  0 .2 0 0 ” 

w ith a  p eak  to  a v e rag e  in ten s ity  b e tte r  than  3 /1 .

4 .2 .4  LENS EFFICIEN CY

The next te s t  th a t w as p e rfo rm e d  w as to  m e a su re  the  efficiency  of the le n s . Some m e a s u re ­

m en ts  w e re  tak en  a t OSG b efo re  the len s  w as se n t to  GE. The re s u l ts  of the OSG te s t  is  shown 

in F ig u re  46.

F o r  the effic iency  t e s t s  a t GE the W eston c e ll  w as positioned  in  the "b es t"  c e ll p lane  (5 .2 5 "  +

2 .5  m m  o r  app rox im ate ly  5.35*'). The m e te r  w as nulled  and then  a  read in g  w as taken . The 

c e ll w as stopped  down to  0 .200" using  an  a p e r tu re  stop . The c u rre n t m ea su rem e n t w as taken  

and the  len s  w as rem o v ed . A tube, app rox im ate ly  6" long and 3 /4 "  d ia m e te r , w as p laced  in 

fro n t of the  c e ll  to  t ry  to  m in im ize  " s tr a y "  ligh t h itting  the c e ll. Even w ith  the u se  of th is  

baffle , the an g u la r accep tance  of ligh t in to  the ce ll could have influenced the read in g s taken, 

causing  the  c a lcu la ted  len s  effic iency  to  be low er than it re a lly  m ight be. In any c a se , a  c u r ­

re n t  read in g  w as again  taken . The ra tio  of the c u rre n t w ith a  len s  to the c u rre n t w ithout a  lens 

w as defined a s  the  ac tu a l co n cen tra tio n  o r  efficiency  of the le n s . As re c o rd e d  in T able  8, da ta  

w as taken  s e v e ra l  t im e s  to  d e te rm in e  the  rep e a ta b ility  of the p ro ce d u re . A lso , da ta  w as taken  

w ith  a  1 .0 "  a p e r tu re . T he co m p a riso n  of the d a ta  @ 0 .200" a p e r tu re  v e rs u s  1 .00" a p e r tu re  

show s th a t app rox im ate ly  6% of the  ligh t being tra n sm itte d  by the len s  is  s c a tte re d  out of the 

u sab le  spo t s iz e  due to  m anu factu ring  p ro b le m s.

A su m m a ry  of the OSG and GE len s  effic iency  da ta  is  shown in  T ab le  8.

T ab le  8. Sum m ary  of OSG and GE Lens E ffic iency  D ata

OSG

GE -  0 .020"  DIAMETER C ELLC ELL DIAM ETER LENS EFFICIENCY

1 .0 " 87.6% FOCAL DISTANCE LENS EFFICIENCY

0 .2 5 " 84.1% 5.17" 84. 5%

0.1875" 83.9% 5.25" 80.8%

5 .3 5 " 84. 5%
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4 .2 .5  SANDIA LENS TESTING

Sandia conducted len s  efficiency  eva lua tions  using  th e ir  len s  a n a ly z e r. The eva lua tions con­

s is te d  of tra n s m is s io n  efficiency  and focused  flux p ro file  m apping. R e su lts  of th ese  evaluations 

a re  shown in F ig u re  47 . E ffic iency  a s  a  function  of tra ck in g  e r r o r  w as a lso  m e a su re d . F ig ­

u re  48 show s the m e a su re d  p e rfo rm a n c e  fo r  one of the  pro to type le n s e s .

T he len s  d e m o n s tra ted  a  t ra n s m is s io n  effic iency  of 84% w ith a  p e a k -to -a v e ra g e  in tensity  ra t io  

of 2 .2 9 :1  (1600 x  609x). In add ition , an  efficiency  d rop  off of only 8% w as o b se rv ed  fo r  a  0 .5 °  

o f f- tra c k  e r r o r .

4 .3  C ELL MOUNT TESTING

T he 1 -su n  f il l  fa c to r , th e rm a l r e s is ta n c e  and s tan d -o ff  voltage fo r  five c e ll m ount u n its  w ere  

m ea su red , se e  T ab le  9.

T ab le  9. C ell M ount T e s t  R e su lts

MOUNT
NUMBER

1-SUN 
F IL L  FACTOR

MEASURED 
THERM AL RESISTANCE 

- OC/WATT
HI. PO T. TEST 

-  KV

MA-1 0 .693 0.281 3 .3

MA-2 0 .670 0.229 3 .1

M A-3 0.635 0.280 3 .2

M A-4 0 .735 0 .198 3 .5

M A-5 0 .723 0 .239 3 .4

C ell m ount a ssem b ly  th e rm a l r e s is ta n c e  w as m e a su re d  using  equipm ent sch em atica lly  a rra n g e d  

a s  shown in  F ig u re  49. T h is  m ethod m akes u se  of the te m p e ra tu re  dependent change in the da rk  

fo rw ard  vo ltage  of the s o la r  c e ll .  W ith a  sm a ll constan t c u rre n t  (Ijjj) p a s se d  through the  d a rk  

s o la r  c e ll, the fo rw ard  diode vo ltage  is  m e a su re d  and its  value rec o rd e d  fo r  d iffe ren t te m p e r ­

a tu re s  of the  so la r  c e ll  to  d e te rm in e  V p  v e rs u s  te m p e ra tu re  a t the m easu rin g  c u rre n t 1̂ ^̂ .

Once th is  c a lib ra tio n  is  com pleted , a  high c u rre n t heating  p u lse  is  p a sse d  through  the  c e ll and 

the  c e ll te m p e ra tu re  d e te rm in e d  a s  i t  coo ls  a f te r  the heating  p u lse  is  rem oved . M easu rem en ts  

of V p  a re  m ade du ring  the  cooldown in te rv a l. T h ese  va lues  a re  ex trap o la ted  back to  find the 

te m p e ra tu re  of the c e ll  when the  known hea ting  p u lse  w as te rm in a te d .
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« 724 X AVERAGE GEOMETRIC CONCENTRATION, 7" DIAMETER 

•  SANDIA OUTDOOR TEST DATA - 2 /5 /8 1

R e la tiv e
Lens

E f f ic ie n c y

.90 ,

.85

.80

 p-l 1 r- -r - “T •--- ' r—’---1----
. i .2  .3  .4  . 6

O ff-T rack  E rro r-d e g re e s  

F ig u re  48. E ffic iency  D rop -o ff Due to  T rack in g  E r r o r  fo r  D om ed F re s n e l  Lens

T O
M IC R O P R O C E S S O R
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C O O L IN G
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S O L A R
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1 1 5 V
AC

C U R R E N T
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C O P P E R  B LO C K

T R A N S IS T O R
SWIT CH

M EA S.
C U R R E N T
SU P P L Y

H E A T IN G
C U R R E N T
SU PP LY

T E M P E R A T U R E  
C O N T R O L L E R  
0  T O  2 0 0 °C

T/C

H E A T S I N K D R A I N

F ig u re  49. S chem atic  of T h e rm a l R e s is ta n c e  M easu rem en t Set-up
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The th e rm a l r e s is ta n c e  can then  be ca lcu la ted  fro m  th is  in fo rm atio n . A ll m e a su re m e n ts  a r e  

m ade by a  d ig ita l v o ltm e te r  which is  co n tro lled  by a  sm a ll co m p u te r w hich m ak es five d e te r ­

m inations of th e rm a l r e s is ta n c e  fo r  each  ru n . The av erag e  of th e se  five  rea d in g s  is  u sed  as 

the m e a su re d  value .

The th e rm a l r e s is ta n c e  m ea su re m e n ts  re p o r te d  h e re in  a r e  re fe re n c e d  to  a  po in t w hich is  

0 .125  inch rem o v ed  fro m  the m ounting su rfa c e  o f the  cc p p er h ea t s p re a d e r . It is  e s tim a te d  

th a t th ese  m e a su re m e n ts  include 0 .0 5 °C /w a tt fo r  e x tra  th e rm a l re s is ta n c e  a sso c ia te d  w ith  the 

m ounting b lock  th ick n ess  and g re a s e  jo in t r e s is ta n c e .

4 .4  MODULE TESTING

The t e s t  sp ec im en  w as the p ro to type  m odule housing  shown in F ig u re  5 w hich w as capab le  of 

m ounting five (5) dom ed F re s n e l  le n s /c e l l  r e c e iv e r  com binations and th e rm a l h e a t s in k s . F o r  

th is  te s t  p ro g ra m  only one dom ed F re s n e l  le n s /c e l l  r e c e iv e r  com bination  and h e a t s ink  w as 

m ounted in  the  m odule housing .

The te s t  fac ility  u sed  w as a  M ann R u sse ll  tw o -ax is  t r a c k e r  which is  h y d rau lica lly  ac tu a ted  and 

can be m anually  o r  au to m atica lly  c o n tro lle d . S ite  m e te ro lo g ic a l and d ire c t  n o rm a l in so la tion  

data  w as av a ilab le  fro m  an ad jacen t s o la r  te s t  fac ility .

The a n c illa ry  te s t  equipm ent u sed  to  p e rfo rm  the  m odule te s tin g  included the  following:

1. E s te r l in e  Angus PD 2064 D ata  L ogger.

2. Type K th erm ocoup le  w ire  to  m e a s u re  am bien t, p a r t  and fin te m p e ra tu re s . See F ig ­
u re  2 fo r  th erm o co u p le  lo ca tio n s .

3. In te rfa c e  m ounting s tru c tu re  betw een  the  p ro to type  m odule and the  t r a c k e r  p la tfo rm .

4. D ig ita l V o ltm e te r  (two re q u ire d ) .

5. X -Y  P lo tte r .

6. In stru m e n t Shunt (100 mV 2 0 .0  am ps)

7. P o w er Supply w ith  a  m in im um  capac ity  of lOV dc and 10 am ps m axim um  PARD 
(ripp le) 5 m V.

4-10



The test prototype module housing with one domed Fresnel lens/cell receiver combination an< 

heat sink was mounted to the two-axis tracker platform as shown in Figure 50. Alignment of 

the module was obtained by moving the platform until peak current was observed (Accuracy «  

0.20°). Thermocouples shown in Figure 51 were positioned and connected to the Easterline 

Angus Data Logger. The electrical test circuit was connected as shown in Figure 51.

Individual performance test rims were conducted at different direct normal insolation values
O

between the range of 700 and 800 W/m as sun availability permitted. During the time re­

quired to sweep the I-V characteristic of the circuit, the direct normal insolation was not to 

vary by more than + 1%.

Figure 50. Prototype Module Mounted on Tracker Platform
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F ig u re  51. T herm ocoup le  L ocations fo r  P ro to type  T e s t  M odule 

F o r  each  p e rfo rm a n c e  ru n , the  follow ing d a ta  w as re c o rd e d  on the d a ta  sh e e t.

1. A m bient te m p e ra tu re

2. T herm ocoup le  rea d in g s  # 1 - 9

3. W ind speed

4. D ire c t  N orm al Inso la tion  (DNI) -  p y rh e lio m e te r  read ing

5. M axim um  pow er

6. E ffic iency

7. F ill  fa c to r
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EXTERNAL SHUNT 
LOCATED AT TRACKER 
USED FOR ALIGNMENT
10 AMPS = 100 MV ,WC #4

WELDING CABLE
(+ )

p -

VOLTAGE SENSE 
- .„ 1 X -Y  PLOTTER

I d . c . v o l t  m e t e r

_ (D.C.-VOLTMETER-HP34701A  
(X -Y  PLOTTER 

SMALL LUGS 
FOR VOLTAGE

LARGE l u g : 
FOR LOAD

LOAD 
3KW MAX 
RATED 

DISSIPATION

POWER

) (+)  
SUPPLY

SHUNT 
10 AMPS 
100 M .V.

SORENSON 
MODEL SRL-ao-50

BACK BIAS CIRCUIT TO MEASURE TRUE 
Isc  WHEN LARGE RESISTANCES ARE PRESENT

Y -  AMPS 
X-Y PLOTTER 
X -  VOLTS

H.P. 7046A; X-Y RECORDER 
WITH TIME BASE

F ig u re  52. High C oncen tra tion  Dom e F re sn e l E le c tr ic a l  T e s t  C ircu it
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The e le c tr ic a l  e fficiency  w as ca lcu la ted  fo r  each  p e rfo rm a n c e  ru n  in  acco rdance  w ith  the 

follow ing e x p ress io n :

P
^  m ax

='E  A
a  dn

w here

Tj = the  m odule e le c tr ic a l  efficiency

P  = the m e a su re d  re c e iv e r  c ir c u r  m axim um  pow er output (watts)
m ax  ■

A = the a p e r tu re  a r e a  of the  p ro to type  dom e F re s n e l  len s  (0 .0248 m^)
Si

= the m e a su re  d ire c t  n o rm a l in so la tio n  (w a tts /m ^)

T he specific  t e s t  ru n s  w e re  a s  follow s:

D ate L ens # C ell M ount H eat Sink

3 /6 /8 1  #2 #4 -  1/81 C ell Lot 2" w idth (0 .3  lb)

3 /1 3 /8 1  #2 & #3 #4 -  1 /81  C ell Lot 2" w idth (0 .3  lb)

D ata  fo r  th ese  ru n s  is  su m m a riz e d  in  T ab le  10. T he I-V  c h a ra c te r is t ic s  co rre sp o n d in g  to 

two d iffe ren t t e s t s  a r e  shown in  F ig u re  53.

4 .4 .1  DISCUSSION OF TEST RESULTS

The ex isting  tw o -ax is  t r a c k e r  te s t  p la tfo rm  could  not m ain ta in  an  a c c u ra te  s teady  s ta te  t ra c k  

of the  sun. A s a  r e s u l t  s te a d y -s ta te  m odule efficiency  d a ta  w as not ob tained . T h is  he lp s  ex ­

p la in  why the p ro te c tiv e  c o n e 's  te m p e ra tu re  w as h o tte r  than  the c e ll  (T herm ocoup les #6 and 

#1, re sp e c tiv e ly ) . M ost of the tim e  the le n s -c e l l  un it w as not p re c is e ly  a ligned  to  the sun. 

Consequently , the  len s  w as focusing  onto the p ro te c tiv e  cone. F in a l a lignm en t w as accom ­

p lish ed  by m anually  com m anding the  t r a c k e r  p la tfo rm  to  m ove u n til p eak  c u rre n t  w as o b se rv ed . 

An instan taneous I-V  c u rv e  w as then  ob tained . P r e c is e  a lignm en t du ring  th is  p e rio d  w as m ain ­

ta in ed  fo r  about one m in u te .
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T able  10. P ro to ty p e  D om ed F re s n e l  M odule T e s t  D ata

D A T E
RUN
NO.

A M B IEN T 
AIR T E M P .  ° F

T H E R M O C O U P L E  N O . / T E M P E R A T U R E  (°F)
WIND
S P E E D
M /S E C

D IR E C T
INSOLATION

kW /M 2

MAX.
POW ER
-W A T T S

E F F .
%

F I L L
FA C T O R1 2 3 4 5 6 7 9

3-6 -81 1 3 8 .3 5 0 .0 3 9 .9 3 8 .8 3 9 .2 5 0 .2 1 3 4 .8 6 5 .8 3 5 .4 1 1 .6 0 . 7 1 9 1 .8 7 2 1 0 .5 0 .6 5 7

3-6 -8 1 2 3 9 .1 5 4 .7 4 8 . 0 4 5 . 5 4 6 .2 5 4 .2 1 3 7 .5 7 1 .7 3 8 .2 6 . 5 0 .6 9 7 1 .8 3 8 1 0 .6 0 .6 3 2

3-6 -81 3 3 8 .9 5 5 .6 4 9 . 3 4 6 . 8 4 7 .6 5 5 .2 1 2 6 .9 7 2 .6 3 8 .6 7 . 8 0. 702 1 .8 1 2 1 0 .4 0 .6 2 8

3-6 -81 4 3 8 .8 5 6 .5 5 3 .0 4 9 .7 5 0 .6 5 5 .7 1 0 7 .4 7 0 .9 3 9 .4 6 . 2 0 .6 6 9 1 .7 6 7 1 0 .7 0 .6 4 6

3 -6 -81 5 3 8 . 9 5 4 .9 5 6 .0 5 3 .0 5 3 .7 5 4 .4 9 7 .6 6 8 .8 4 0 . 3 5 . 8 0 .6 7 7 1 .7 7 0 1 0 .7 0 .6 4 6

3 -1 3 -8 1
4̂

1 5 5 .9 5 8 .7 6 4 .4 6 1 .7 62ir4 5 8 .2 9 6 .4 7 5 .6 4 5 . 9 0 . 9 0 .8 1 0 1 .9 9 9 . 9 0 .6 3 6

LE IS #2 2 5 6 .2 6 5 .4 6 1 .3 5 9 .2 5 8 .9 6 5 .9 1 1 6 .2 8 5 .4 4 7 .2 4 . 0 0 . 7 5 0 1 .8 6 1 0 .0 0 .6 2 8

3 5 5 .7 6 3 .7 5 4 .8 5 3 .0 5 3 .5 6 4 .7 1 3 1 .0 8 1 .6 4 7 .1 5 . 4 0 .7 5 0 1 .8 8 10 .1 0 .6 3 0

3 -1 3-81 4 5 6 .1 6 2 . 8 5 5 .5 5 3 .6 5 4 .0 6 3 .6 1 54 .1 8 1 .0 4 7 .6 4 . 4 0 . 7 6 8 1 .8 5 9 . 7 0 .6 2 2

3 -1 3 -8 1 5 5 6 .6 6 2 .3 5 6 .6 5 5 .3 5 6 .0 6 2 .0 14 0 .1 — 4 8 . 9 4 . 3 0 . 7 6 9 1 .8 8 9 . 8 0 .6 4 8

LENS #3 6 5 7 .6 6 4 .0 6 4 .9 6 2 .5 6 3 .2 6 2 .8 1 1 8 .3 — 5 1 .3 0 . 8 0 .7 8 6 1 .9 0 9 .7 0 .6 3 2

3 -1 3 -8 1 7 5 7 .5 6 6 .3 6 5 .7 6 3 .6 6 3 .3 6 4 .5 1 16 .2 — 5 0 .9 4 . 2 0 .7 6 4 1 .8 4 9 . 7 0 .6 2 9

I



I

05

M A X  P O W E R

0 . 5 8 V1 . 8 7 2

R U N  #1 3 - 6 - 8 1  
E F F I C I E N C Y  = 1 0 . 7 %
F I L L  F A C T O R  « 0 . 6 5 7  
DNI  = 7 1 9  W / M ^
A M B .  A I R  T E M P  = 3 . 5 1 ° C  
WI N D  S P E E D  = 1 1 . 6  M / S E C

3 . 0

0 . 80 . 6 0 . 70.  50 .  3 0 . 40 . 20.10

(/I
Q.s<

M A X .  P O W E R  
1 . 9 8 8  @ 0 . 5 6 V

R U N  #1 3 - 1 3 - 8 1

E F F I C I E N C Y  = 9 . 8 9 %
F I L L  F A C T O R  = 0 . 6 3 6  
D NI  = 81 0  W/ M2  
A MB  A I R  T E M P  = 13 .  3° C  
W I N D  S P E E D  = 0 . 9  M / S E C

0 0.1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0. 8
V O L T S  -  D C V O L T S  -  DC

F ig u re  53. R ep re se n ta tiv e  I-V  C h a ra c te r is tic s



T he m odule effic iency  is  below  the  goal of 15%. Com ponent leve l te s tin g  of the len s  con firm ed  

i ts  efficiency  a t 84%. Independent c o n cen tra ted  sun ligh t te s tin g  of the s o la r  c e ll  w as not m ade. 

T o  fu r th e r  tro u b lesh o o t the  le n s - to -c e l l  d is tan ce  of 5 .35" w as checked s e v e ra l t im e s . X-Y  

position ing  of the len s  w as v isu a lly  o b se rv ed  and i t  ap p eared  to  be c o rre c t  (focused  spo t w as 

lo ca ted  on the a c tiv e  c e ll a re a ) . O ur conclusion  is  th a t the c e ll m ount m ay not be d e m o n s tra t­

ing > 18% effic iency  u n d er co n cen tra ted  sun  lig h t. T his conclusion  has been  con firm ed  by a  

s e r ie s  of le n s -c e l l  t e s t s  conducted by Sandia. A sum m ary  of th ese  te s ts  is  p rov ided  in 

Table 11.

Table 11. Sandia L e n s -C e ll T e s t Data

•  A ll T e s t  a t  27-28°C  C ell T em p era tu re

D a te
DNI
w/m2

N e t  C e l l  
C o n c e n t r a t io n

Voc
V o l t s

's c
Amps FF

Power-
W atts

C e l l
E f f .

N e t
E f f .

3 / 3 1 / 8 1 970 775 1 5 ,5 12.4%

6 / 1 7 / 8 1 ® 959 528 .7 6 6 5 . 4 3 .761 3 , 1 6 1 7 .5 1 3 . 3

6 / 1 7 / 8 1 ® 938 479 .7 6 5 5 .0 1 .7 6 7 2 . 9 4 1 7 .9 1 2 . 6

(T )  L e n s - t o - C e l l  D i s t a n c e  7 . 0 6 3 "

4 -1 7 /1 8
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SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS

5 .1  CONCLUSIONS

T he follow ing r e p re s e n ts  the m a jo r  acco m p lish m en ts  and conclusions a r r iv e d  a t during  the 

c o u rse  of the  p ro g ra m .

A ccom plishm en ts

P e rfo rm a n c e

S tated  G oals

C oncen tra tion  400 -  200X

Net M odule E ffic iency  15%

T rack in g  A ccu racy  s  + 0 .1 °  
F o r  a  < 5% O utput D rop

P ro p o se d  D esign 

lOOOX 

15 %

+ 0 .1 8 °

D em onstra ted  

900X 

~  13%

+ 0 .4 0 °

P e rfo rm a n c e  A naly sis

P re d ic te d

A ssum ed

M easu red

L ens E fficiency

89 %

84 %

Mount
C ell E ffic iency  T h e rm a l R esis tan ce  Module E ffic iency

20  % 

18 .5

lOOOX 0 .2 7 °C /W

0.25°C /W

84 % T h ree
D ifferen t
C e lls

-12%@ ~ 600X  0 .2 5 °C /W
■-15.5%@~775X
'17.5% @ ~500X

17. 8 %

15%

10-13%

28°C

O ptim um  M odule D esign  

Selec tion  of the optim um  co n cen tra tio n  r a t io  fo r  the  m odule to  a  la rg e  d e g re e  is  dependent on 

the  a ssu m e d  c e ll c h a ra c te r is t ic s .  If, in fac t, c e ll e fficiency  in c re a s e s  w ith in c re as in g  con­

ce n tra tio n  one obviously  would tend  to  s e le c t  th a t co n cen tra tion  ra tio  th a t o p tim izes  m odule 

output. G iven the  c u rre n t  s ta te  of h igh co n cen tra tio n  c e lls  i t  a p p ears  th a t th e ir  peak  efficiency  

capab ility  m ay not y e t ju stify  v e ry  h igh  c o n cen tra tio n s , i . e . , 900X -  1500X. E sp ec ia lly  in ligh t 

of th e  im p re ss iv e  p e rfo rm a n c e  d e m o n s tra ted  by m o re  conventional s ilico n  dev ices  a t 50 -  lOOX 

( e .g . ,  18 -  19%).
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The one key advan tage to  h ig h er  co n cen tra tio n  is  the in c re a s e d  pow er output p e r  c e ll, hence, 

ce ll m ount a r e a .  T he follow ing v a lu es  a r e  fe l t  re p re s e n ta tiv e  of to d a y 's  technology:

68X 400 -  900X

C onventional Top G rid  A dvanced G rooved S ilicon  and
C o n c e n tra to r  S ilicon C e lls  GaAl A s C ells

0 . 9 - 1  w /cm ^*  4 - 7  w /cm ^*

* cm ^ of to ta l c e ll chip a re a

P ro d u c ib ility  and c o s t of th e  a sso c ia te d  c o n c e n tra to r  o p tic s  and c e lls  a lso  m u s t be co n sid e red  

in  se le c tin g  the  optim um  m odule co n cen tra tio n  r a t io .  In add ition , the co rresp o n d in g  tra ck in g  

and m anufactu ring  to le ra n c e  re q u ire m e n ts  m u st be analyzed  and tra d e d  off a g a in s t the  b en efits  

of going to  the  h ig h er  co n cen tra tio n .

Lens D esign

The cu rved  g roove dom ed F re s n e l  len s  m e t a ll  of i ts  p e rfo rm a n c e  g o a ls . T he m e a su re d  t r a n s ­

m iss io n  efficiency  of 84% a t an  a v e rag e  ta rg e t  spo t co n cen tra tio n  of 902X is  im p re s s iv e . E qual­

ly im p re ss iv e  is  the  le n s 's  to le ra n c e  to  off t r a c k  cond itions. A s m e a su re d , t ra n s m is s io n  e f­

fic iency  only d ropped  by 8% a t a  0 .5 °  o f f- tra c k  condition .

The high volum e p ro d u c ib ility  of th is  le n s  is  the  c r i t ic a l  is s u e  th a t s t i l l  r e m a in s . T h e rm o - 

E lec tro n , in  a  p a ra l le l  p ro g ra m , is  in v estig a tin g  th is  is s u e  in  depth  v ia  the  developm ent of a 

tool to  in jec tio n  m old a  dom ed F re s n e l  le n s .

The speed  of the  developed  len s  m ay be too f a s t  a t F# 0 .5 .  T he re su ltin g  flux  p ro file  s e n s i­

tiv ity  to  s lig h t v a ria tio n s  in  focal d is tan ce  p re s e n te d  s lig h t p ro b le m s in  subsequen t len s  te s tin g  

and m odule in te g ra tio n .

C o n cen tra to r C ell

M icrow ave A s s o c ia te s ' EM VJ technology is  s t i l l  in  developm ent. The o rig in a l p ro g ra m  ce ll 

p e rfo rm a n c e  goal w as 20% a t  lOOOX. T h is  goal h a s  not y e t  been  d em o n s tra ted .
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C ell Moimt

F ro m  a  th e rm a l r e s is ta n c e  standpoin t high co n cen tra tio n  m oim t design  m et i ts  p ro g ra m  p e r ­

fo rm an ce  g o a ls . The c e l l  m ounts d em o n stra ted  b e tte r  than  0 .2 5 °C /w a tt th e rm a l r e s is ta n c e  

v a lu es  w ith  vo ltage  s tan d -o ffs  in  e x c e ss  of 3 kV dc . T h is  m oim t technology a p p e a rs  to  be 

e s ta b lish e d  and a v a ilab le  to sup p o rt continued  high co n cen tra tio n  m odule developm ent. The 

is su e  of u s in g  a n  en cap su la ted  c e ll  w as not s tu d ied . In o rd e r  to  e n su re  20 y e a r  life  encap­

su la ted  c e ll  m ount u n its  m ay  be needed .

M odule D esign

A p o ten tia lly  co s t e ffec tive  m odule d es ig n  a p p ro ach  has been  developed. The q u estio n  of a  

m e ta l v e rs u s  p la s t ic  housing is  s t i l l  open. T he b en e fits  of using  a  secondary  op tica l e lem en t 

w e re  not thoroughly  a d d re s se d . A p ro g ra m  ob jec tive  w as to  see  how w ell we could do w ithout 

one, thinking th a t you could alw ays add one if needed.

T he alum inum  h e a t s in k -c e ll  m ount com bination  adequately  cooled the ce ll u nder co n cen tra ted  

sun ligh t. P a s s iv e  cooling a p p e a rs  to  be a  v iab le  cooling option fo r  high co n cen tra tion  photo­

v o lta ic  ap p lica tio n s.

T e s t  R e su lts

T he len s  te s tin g  techn iques u tiliz e d  have su rp r is in g ly  good a g reem en t. The OSG, GE and 

Sandia len s  efficiency  v a lu es  w e re  a ll  w ith in  0.3%  of each  o th e r.

OSG GE Sandia

8 4 .1 %  8 3 .7 %  8 4 .0 %

M odule lev e l te s tin g  of the  h igh co n cen tra tio n  m odule is  m o re  involved than te s tin g  of low er 

co n cen tra tio n  h a rd w a re , i . e . , the  GE 120X f la t  F re s n e l  m odule. I t 's  m o re  d ifficu lt to see  

the  spo t and co n firm  optim um  focus w hen u s in g  the high concen tra tion , sm a ll s o la r  ce ll m od­

ule h a rd w a re .
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5 .2  RECOMMENDATIONS

O ptics

« P ro c e s s  developm ent of h igh co n cen tra tio n  o p tic s  should  be p u rsu e d .

« The need  fo r  high con cen tra tio n , i . e . , >  500X o p tic s  r e q u ir e s  fu r th e r  investiga tion
and study .

« F u r th e r  t ra d e -o ffs  a re  needed  in  the  a re a  of u sing  seco n d ary  c o n c en tra to r  op tica l 
e le m e n ts .

S o lar C ell

High co n cen tra tio n  (> 200X) s il ic o n  c e ll technology should  be continued.

M odule

A dditional developm ent is  needed  to  c o n firm  the b e s t  m odule design  app ro ach . A 
num ber of unansw ered  q u es tio n s  rem a in :

Do we need  en cap su la ted  c e lls ?

Do we need  a  hom ogeneous housing  len s  m a te r ia l  com bination  fo r  expansion  
coeffic ien t m atch ing  re a s o n s  ?

Can you m ake a  p la s t ic  housing  th a t p ro v id e s  and m ain ta in s  the n e c e s sa ry  
d im en sio n a l to le ra n c e s  ?
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APPENDIX A

HEAT SINK THERM AL ANALYSIS MODEL VERIFICATION



GENERAL0ELECTRIC
S PA C E  DIVISION 
PHIIADEIPHIA

PROGRAM INFORMATION REQUEST/RELEASE

1♦CLASS. LTR. OPERATION 1 PROGRAM jSEQUENCE NO.

PIR NO. ^
_ 7 3 4 G  _  3N7 _  0 0 2

♦USE ” 0 ”  FOR CLASSIFIED AND " U ” FOR UNCLASSIFIED

REV. LTR.

OM TO

T.  Ch a n R. H o d g e
DATE SENT DATE INFO. REQUIRED PROJECT An d  r e q . n o . REFERENCE DIR. NO.

4 / 2 8 / 8 0
SUBJECT

H e a t  S i n k  T h e r m a l  A n a l y s i s  M ode l V e r i f i c a t i o n
I N F O R M A T I O N  R E Q U E S T E D / R E L E A S E D

I n t r o d u c t i o n

I t  w a s  r e c o g n i z e d  d u r i n g  t h e  s t a t u s  r e v i e w  o f  t h e  Domed F r e s n e l  M o d u l e  D e v e l o p m e n t  
P r o g r a m  a t  S a n d i a  o n  A p r i l  1 7 ,  t h a t  t h e  r e s u l t s  o f  o u r  h e a t  s i n k  o p t i m i z a t i o n  s t u d y  
d e v i a t e d  f r o m  M i k e  E d e n b u r n ' s  a n a l y s i s .  We h a v e  f o u n d  t h a t  f o r  a  g i v e n  l e n s  s i z e ,  
t h e  h e a t  s i n k  w e i g h t  i n c r e a s e s  b y  11% f o r  a  f a c t o r  o f  2 c h a n g e  i n  l e n s  c o n c e n t r a t i o n  
r a t i o  ( 5 0 0 X  t o  lOOOX) w h i l e  M i k e ' s  a n a l y s i s  i n d i c a t e s  a n  i n c r e a s e  o f  11% f r o m  a  c o n ­
c e n t r a t i o n  o f  92X t o  1 7 0 X .  O u r  o p t i m i z e d  h e a t  s i n k  g e o m e t r y  a l s o  l e a n s  t o w a r d s  
l o n g e r  f i n s ,  s h o r t e r  f i n  s p a c i n g  a n d  t h i n n e r  f i n  s u b s t r a t e  t h a n  t h a t  o f  M i k e ' s  d e s i g n .  
F o r  e x a m p l e ,  o u r  p r e d i c t e d  h e a t  s i n k  h a s  a  f i n  a r e a  r a t i o  o f  1 0 ,  w h e r e  f i n  a r e a  r a t i o  
i s  d e f i n e d  a s  ( 2 * f i n  l e n g t h + c e n t e r  t o  c e n t e r  s p a c i n g ) /  c e n t e r - t o - c e n t e r  s p a c i n g ,  w h i l e  
M i k e ' s  d e s i g n  p r e d i c t s  a  r a t i o  f o  3 . 5 .  I t  i s  o b v i o u s  t h a t  t h e r e  i s  a  d i s c r e p a n c y  
b e t w e e n  M i k e ' s  a n a l y t i c a l  m o d e l  a n d  o u r s .  T h u s ,  a  v e r i f i c a t i o n  e f f o r t  w a s  c o n d u c t e d  
i n  t r y i n g  t o  d e t e r m i n e  how w e l l  o u r  t h e r m a l  a n a l y s i s  m o d e l  f i t s  t h e  e x p e r i m e n t a l l y  
m e a s u r e d  d a t a  o f  a  t y p i c a l  f i n n e d  h e a t  e x c h a n g e r  f r o m  a  h e a t  s i n k  m a n u f a c t u r e r .  GE 
c o m p u t e r  p r e d i c t i o n s  w e r e  m a d e  f o r  t w o  h e a t  s i n k  c o n f i g u r a t i o n s  f r o m  W a k e f i e l d  a n d  
t h e  r e s u l t s  ( p r e s e n t e d  a s  h e a t  s i n k  t o  a m b i e n t  t h e r m a l  r e s i s t a n c e  a s  a  f u n c t i o n  o f  w i n d  
s p e e d )  s h o w  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  m a n u f a c t u r e r ' s  d a t a  i n  b o t h  c a s e s .

A n a l y s i s

T w o h e a t  s i n k  c o n f i g u r a t i o n s  f r o m  EG&G W a k e f i e l d  E n g i n e e r i n g ,  s e r i e s  5 1 0  ( F i g u r e  1 )  a n d  
s e r i e s  5 1 7  ( F i g u r e  2 )  w e r e  s e l e c t e d  f r o m  t h e i r  S e m i c o n d u c t o r  H e a t  S i n k s  C a t a l o g  #1 a s  
t h e  b a s i s  f o r  c o m p a r i s o n .  T h e  h e a t  s i n k  t h e r m a l  c h a r a c t e r i s t i c s  a s  s h o w n  i n  F i g u r e s  1 
a n d  2 w e r e  e x p e r i m e n t a l l y  m e a s u r e d  i n  t h e i r  l a b o r a t o r y .  T h e r m a l  r e s i s t a n c e  ( ° C / W a t t )  
f r o m  h e a t  s i n k  t o  2 0 ° C  a m b i e n t  w e r e  m e a s u r e d  a s  a  f u n c t i o n  o f  v o l u m e t r i c  f l o w  p a s s i n g  
t h r o u g h  t h e  h e a t  s i n k .  T h e  l i n e a r  a i r  v e l o c i t y  ( w i n d  s p e e d )  c a n  b e  o b t a i n e d  b y  d i v i d ­
i n g  t h e  v o l u m e t r i c  f l o w  b y  t h e  v o i d  a r e a s  b e t w e e n  t h e  f i n s .  A l l  e x p e r i m e n t a l l y  m e a s u r ­
e d  d a t a  w e r e  t a k e n  w i t h  t h e  f i n s  i n  t h e  v e r t i c a l  u p w a r d  o r i e n t a t i o n .

P A G E  N O . R E T E N T I O N

C O P I E S  F O R

n  '
1 1 3 MOS.

______ O F _______
j 1 e  MOS.

n  “°=-
n

M A S T E R S  F O R

□ _
□ _

j I D O  N O T  P E S T R

FORM 1 0 2 0 3  REV. ( ^ -7 0 ) A - 1



P I R - 7 3 4 0 - 3 N 7 - 0 0 2  
P a g e  Two

T h e  a n a l y t i c a l  h e a t  s i n k  t h e r m a l  m o d e l  w a s  d e v e l o p e d  b y  Al  K o e n i g  a n d  i s  p a r t  o f  a  
p h o t o v o l t a i c  s y s t e m  s i m u l a t i o n  c o d e  c u r r e n t l y  b e i n g  u s e d  f o r  p e r f o r m a n c e  a n a l y s i s  o f  
F r e s n e l  a n d  p a r a b o l i c  t r o u g h  t y p e  p h o t o v o l t a i c  a r r a y .  I n  t h e  c a s e  o f  F r e s n e l  m o d u l e ,  
t h e  h e a t  s i n k  m o d e l  t a k e s  i n t o  a c c o u n t  n o t  o n l y  t h e  h e a t  t r a n s f e r  f r o m  t h e  f i n  s i d e  
o f  t h e  h e a t  s i n k  b u t  a l s o  l o s s e s  w i t h i n  t h e  m o d u l e  e n c l o s u r e .  T h e  s t e a d y  s t a t e  h e a t  
s i n k  t e m p e r a t u r e  i s  c a l c u l a t e d  i n  t h e  m o d e l  t h r o u g h  a n  i t e r a t i v e  p r o c e d u r e  u n t i l  
a n  e n e r g y  b a l a n c e  i s  o b t a i n e d  a t  t h e  s u r f a c e s  o f  t h e  s o l a r  c e l l ,  h e a t  s i n k  a n d  t h e  
e n c l o s u r e  c o v e r  ( i . e . ,  F r e s n e l  l e n s ) .

T h e  p e r f o r m a n c e  o f  a  1 2 "  d o m e d  F r e s n e l  m o d u l e  h a v i n g  d e s i g n  c o n c e n t r a t i o n  r a t i o  o f  5 0 0 x  
a n d  a  M i c r o w a v e  EMVJ s o l a r  c e l l  o f  1 . 7 6 3  cm s q u a r e  w e r e  s i m u l a t e d  w i t h  a  3 . 5 "  S e r i e s  
5 1 0  a n d  a  3 "  S e r i e s  5 1 7  h e a t  s i n k s  i n  2 0 ° C  a m b i e n t  a n d  1 kW/ m^ i n s o l a t i o n  u n d e r  v a r i o u s  
w i n d  c o n d i t i o n s .  T h e  r e s u l t s  o f  t h e  s i m u l a t i o n  a r e  p r e s e n t e d  i n  T a b l e  1 .  T h e  t h e r m a l  
r e s i s t a n c e  i n  ° C / W a t t  f r o m  h e a t  s i n k  t o  a m b i e n t  c a n  b e  c a l c u l a t e d  f r o m  T a b l e  1 a s ;

R ° C / W a t t  = ( H e a t  S i n k  T e m p .  -  A m b i e n t  T e m p )  ____
T i n c i d e n t  e n e r g y  o n  c e l l  -  c e l l  e n e r g y o u t p u t ) * c e l l  a r e a

9
w h e r e  t h e  e n e r g y  t e r m s  a r e  g i v e n  i n  p e r  m o f  c e l l  a r e a .  T h e  t w o  c o l u m n s  o n  t h e  r i g h t  
o f  T a b l e  1 s h o w  t h e  r e l a t i v e  m a g n i t u d e  o f  h e a t  l o s s e s  f r o m  t h e  f i n s  t o  a m b i e n t  a n d  f r o m  
t h e  h e a t  s i n k  s u b s t r a t e  t o  t h e  e n c l o s u r e  c o v e r .  T h e  l o s s e s  w i t h i n  t h e  m o d u l e  e n c l o s u r e  
c a n  b e  a s  m u c h  a s  23% o f  t h e  t o t a l  e n e r g y  d i s s i p a t e d  i n  s t i l l  a i r  ( z e r o  w i n d  s p e e d )  t o  
a s  l o w  a s  4% a t  h i g h  w i n d  s p e e d .  T h e  l o s s e s  w i t h i n  t h e  m o d u l e  i n c l u d e  r a d i a t i o n  h e a t  
t r a n s f e r  t o  t h e  c o v e r  a n d  f r e e  c o n v e c t i o n  t o  t h e  e n c l o s u r e  a i r .

T h e  t h e r m a l  r e s i s t a n c e  c o m p a r i s o n  b e t w e e n  t h e  a n a l y t i c a l  m o d e l  a n d  t h e  m e a s u r e d  d a t a  a s  
r e p o r t e d  i n  F i g u r e s  1 a n d  2 f o r  a  s i n g l e  s o u r c e  l o a d  i s  s h o w n  i n  F i g u r e  3 .  F o r  b o t h  
h e a t  s i n k  c o n f i g u r a t i o n s ,  t h e  a n a l y t i c a l  r e s u l t s  s h o w  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  
m e a s u r e d  d a t a .  U n d e r  n a t u r a l  c o n v e c t i o n ,  t h e  a n a l y t i c a l  m o d e l  i n d i c a t e s  a  8 0 . 7 ^ 0  t e m p ­
e r a t u r e  r i s e  f o r  1 1 0  w a t t  h e a t  d i s s i p a t i o n  w i t h  a  3 "  S e r i e s  5 1 7  h e a t  s i n k  w h i l e  t h e  
m e a s u r e d  d a t e  i n d i c a t e s  a  7 8 ° C  t e m p e r a t u r e  r i s e  a s  s h o w n  i n  F i g u r e  2 .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e  o r i e n t a t i o n  o f  h e a t  s i n k  p l a y s  a n  i m p o r t a n t  p a r t  t o  i t s  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  e s p e c i a l l y  u n d e r  n a t u r a l  c o n v e c t i o n .  A c c o r d i n g  t o  W a k e f i e l d ,  t h e  h e a t  
s i n k  t h e r m a l  r e s i s t a n c e  w i l l  i n c r e a s e  b y  5 t o  1 0  p e r c e n t  i f  t h e  f i n s  a r e  o r i e n t e d  i n  
o t h e r  t h a n  t h e  v e r t i c a l  u p w a r d  p o s i t i o n .  F o r  t h e  n a t u r a l  c o n v e c t i o n  c a l c u l a t i o n  i n d i ­
c a t e d  e a r l i e r ,  i t  w a s  a s s u m e d  t h a t  t h e  f i n s  a r e  p o i n t i n g  d o w n w a r d  a t  a n  a n g l e  o f  2 0 °  
f r o m  h o r i z o n t a l  ( c o r r e s p o n d i n g  t o  a  J a n u a r y  1 a r r a y  t r a c k i n g  p o s i t i o n  i n  A l b u q u e r q u e  
a t  9 : 0 0  AM).

A s  t h e  r e s u l t s  o f  t h i s  v e r i f i c a t i o n  s t u d y  i n d i c a t e d ,  o u r  h e a t  s i n k  t h e r m a l  m o d e l  f i t s  
v e r y  w e l l  w i t h  t h e  d a t a  r e p o r t e d  b y  t h e  h e a t  s i n k  m a n u f a c t u r e r .  T h i s  i s  a  v e r y  i m p o r t a n t  
f i n d i n g  a s  t h i s  c o m p u t e r  c o d e  i s  b e i n g  u s e d  e x t e n s i v e l y  i n - h o u s e  a s  t h e  a n a l y t i c a l  t o o l  
i n  v a r i o u s  p h o t o v o l t a i c  p r o g r a m s .

A-2



Series 510(*F)

510

Series 510. T h e  S e r i e s  5 1 0  H ig h  F in  D e n s i ty  e x t r u s io n  is d e s i g n e d  
fo r  o p t im a l  th e r m a l  c h a r a c t e r i s t i c s  in n a t u r a l  c o n v e c t i o n  e n ­
v i r o n m e n ts .  T h e  S e r i e s  5 1 0  a l s o  p r o v id e s  m a x im u m  s u r f a c e  a r e a  
a n d  p e r f o r m a n c e  w ith  r e la tiv e ly  lo w  w e ig h t .  I ts  b r o a d  f ia t b a s e  is 
id e a lly  s u i t e d  fo r  b a c k  p a n e l  m o u n t in g  a n d  c o o l in g  o f m u ltip le  p o w e r  
g e n e r a t i n g  c o m p o n e n t s .  A  3 ” (7 6 .2  m m )  l e n g th  will d i s s i p a t e  o v e r  
1 0 0  w a t t s  w ith  o n ly  a  5 0 ° C  m o u n t in g  s u r f a c e  t e m p e r a t u r e  r is e .

S t a n d a r d  l e n g th s  a r e  3 "  (7 6 ,2  m m ) , 6 "  (1 5 2  4  m m ), 9 "  ( 2 2 8 .6  m m ), 
a n d  1 2 "  ( 3 0 4 .8  m m ). O th e r  l e n g t h s  a v a i la b le  o n  r e q u e s t

3.095/3.135
(78.61/79.63)

.170/.200J 
(4.32/5.08)

I I

—.354/.374 
(8.99/9.50)

_  7.321/7,429 _  
(185.95/188.70)

510

H ow  to  O r d e r  N o te  th a t  th e  S e r i e s  5 1 0  is th e  o n ly  a v a i la b le  f ro m  
th e  f a c to r y .

5 1 0 _ _ _ ^

fyiodel E x tru s io n
L e n g th
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Tv 6 ru e e .  CX̂

Ssrsss 5 1 7  5 1 8  F)

r J .  L» !. f.M ^  517

't ’a 518

517

■ 8 .9« /9 .164
(227.69/232.77)

-~1  .3227.342I I (B.ir-“i.18/8.69)

1.970/2.030
(50.04/51.56)

L .277.29 
(6.86/7.37)

-  9.845/9.905 -  
(250 05/251.59)

Series 517 and 518. T h e  S e r i e s  5 1 7  a n d  5 1 8  H ig h  F in  D e n s i ty  
e x t r u s i o n s  a r e  d e s i g n e d  to  s u p p l e m e n t  th e  p o p u la r  E G & G  W a k e f ie ld  
e x t r u s io n  # 1 7 0 3 .  S e h e s  5 1 7  a n d  5 1 8  h a v e  a  l a r g e  m o u n t in g  s u r f a c e  
( 9 .8 7 5  i n c h e s ,  2 5 0 .8  m m )  fo r  a c c o m m o d a t i n g  m u ltip le  c o m p o n e n t s .  
T h e  S e r i e s  5 1 7  a n u  5 1 8  a r e  d e s i g n e d  to r  o p t im u m  p e r f o r m a n c e  a n d  
m a x im u m  fin  e f f i c i e n c y  in n a t u r a l  c o n v e c t io n .  F in  s p a c i n g  o f  t h e s e  
e x t r u s i o n s  is c o r r e s p o n d in g ly  v a r ie d  to  p ro v id e  o p t im a l  p e r f o r m a n c e  
i r r e s p e c t i v e  o f v e r t i c a l  o r  c u t  le n g th .  T h e  c a re f u l ly  e n g i n e e r e d  
d e s i g n s  will d i s s i p a t e  a t  l e a s t  2 5 %  m o r e  p o w e r  th a n  t h e  1 7 0 3  
e x t r u s io n  a n d  y e t  o c c u p y  t h e  s a m e  m o u n t in g  s u r f a c e .

S t a n d a r d  l e n g th s  a r e  3 "  (7 6 .2  m m ), 6 "  (1 5 2 .4  m m ). 9 "  ( 2 2 8 .6  m m ), 
a n d  1 2 "  ( 3 0 4 .8  m m ) . O th e r  l e n g th s  a v a i la b le  o n  r e q u e s t .
H o w  t o  O r d e r  N o te  t h e  S e r i e s  5 1 7  a n d  5 1 8  a r e  o n ly  a v a i l a b le  f ro m  
th e  f a c to ry .

3  fo r  3 '
6  fo r  6 '
9  fo r  9 '

5 1 7 , 5 1 8 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _    1 2  fo r  1 2 ’

518

1.970/2 030 
(50.04/51 .&6)
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SURVrVABILITY O F PROTECTIVE SHIELD DURING SOLAR ACQUISITION



g e n e r a l Q ^ electric
S PACE DIVISION 
PHIUDEIPHIA

PROGRAM INFORMATION REQUEST/RELEASE

1*CLASS. LTR. j OPERATION 1 PROGRAM j SEQUENCE NO. REV. LTR.

PIR NO. ^ _  7 3 4 0  _ 3 N 7 _  0 0 6
'U S E  " C " FOR c l a s s if ie d  AND " U ” FOR u n c l a s s if ie d

E.  Komi t o

TO

R. L a m b e r t
DATE SENT

8 / 2 9 / 8 0

DATE INFO. REQUIRED PROJECT AND REQ. NO. REFERENCE DIR. NO.

SUBJECT

S u r v i v a b i l i t y  o f  P r o t e c t i v e  S h i e l d  D u r i n g  S o l a r  A c q u i s i t i o n

1 . 0  S u mm a r y

D u r i n g  s o l a r  a c q u i s i t i o n ,  t h e  d o m e d  F r e s n e l  l e n s  c o l l e c t o r  u n d e r g o e s  a  d e f i n e d  
p e r i o d  o f  t i m e  d u r i n g  w h i c h  t h e  p r o t e c t i v e  s h i e l d  o r  m a s k  i s  e x p o s e d  t o  t h e  
o f f - a x i s  f o c u s  o f  s o l a r  r a d i a t i o n .  An a n a l y s i s  w a s  m a d e  o f  t h e  m a s k  t e m p e r a t u r e  
d u r i n g  t h e  o f f - a x i s  t r a n s i e n t  t o  d e t e r m i n e  w h e t h e r  t h e r m a l l y  i n s u l a t i n g  w a s h e r s  
w e r e  n e c e s s a r y  t o  p r o t e c t  t h e  t e x t o l i t e  b a s e .  I f  t h e  m a s k  i s  c o n s t r u c t e d  o f  
c h r o m e  o r  n i c k e l  p l a t e d  s t e e l ,  t h e  a n a l y s i s  e s t i m a t e s  o n l y  a  v e r y  m o d e r a t e  
t e m p e r a t u r e  r i s e  i n  t h e  m a s k .  I n  a  w o r s t  c a s e  s c e n a r i o  i n  w h i c h  t h e  c o l l e c t o r  
r e m a i n s  f i x e d  o f f - a x i s  a t  ma x i m u m  i n s o l a t i o n ,  t h e  m a s k  w o u l d  s t i l l  s u r v i v e ,  
r e a c h i n g  a n  e q u i l i b r i u m  t e m p e r a t u r e  o f  a b o u t  4 0 0 ° F .
2 . 0  B a c k g r o u n d  a n d  A s s u m p t i o n s

T h e  q u e s t i o n  o f  m a s k  s u r v i v a b i l i t y  w a s  r a i s e d  i n  R e f e r e n c e  1 .  T h i s  r e q u e s t  t o  
a n a l y z e  t h e  t h e r m a l  e n v i r o n m e n t  i n d u c t e d  d u r i n g  s o l a r  a c q u i s i t i o n  i n c l u d e d  
g r a p h s  o f  s p o t  s i z e , o f f - a x i s  a n g l e , a n d  a m o u n t  o f  i n s o l a t i o n  e n e r g y  a s  f u n c t i o n s  
o f  t i m e .  T h e s e  g r a p h s  c a n  b e  s e e n  i n  F i g u r e s  1 a n d  2 .  F i g u r e  3 c o n t a i n s  a 
s k e t c h  o f  t h e  m a s k  a n d  F i g u r e  4  s h o w s  t h e  m a s k  i n  s i t u .  As  d e s i g n e d ,  t h e  
m a s k  w i l l  b e  c h r o m e  o r  n i c k e l - p l a t e d  s t e e l ,  1 / 5 4  i n .  ( 0 . 4  mm) t h i c k .
I n  o r d e r  t o  a n a l y z e  t h e  m a s k  t e m p e r a t u r e ,  s e v e r a l  t h e r m a l  p r o p e r t i e s  o f  t h e
m a t e r i a l  w e r e  r e q u i r e d .  T a b l e  1 s u m m a r i z e s  t h o s e  p r o p e r t i e s  u s e d  i n  t h e  c a l ­
c u l a t i o n .  T h e  s h i e l d  e m i t t a n c e  i s  t a k e n  t o  b e  t h a t  f o r  c h r o m e . *  F o r  n i c k e l  
p l a t e ,  a v a i l a b l e  d a t a  ^ i n d i c a t e s  t h a t  t h e  e m i t t a n c e  i s  s u c h  t h a t  s l i g h t l y  l o w e r  
s u r f a c e  t e m p e r a t u r e s  w o u l d  r e s u l t .  T h i s  a n a l y s i s  h a s  a t t e m p t e d  t o  e s t i m a t e  t h e  
t e m p e r a t u r e  r i s e  i n  t h e  p r o t e c t i o n  s h i e l d  i n  a  w h o l l y  c o n s e r v a t i v e  m a n n e r .  S i n c e  
t h e  c o n s e r v a t i v e  a n a l y s i s  s h o w s  t h a t  t h e  a s - d e s i g n e d  m a s k  i s  a  v i a b l e  c o n c e p t ,  
t h e  a c t u a l  p e r f o r m a n c e  c a n  b e  e x p e c t e d  t o  b e  e v e n  b e t t e r .  U s i n g  t h e  d a t a  f o r  
c h r o m e  i s  c o n s i s t e n t  w i t h  t h i s  p h i l o s o p h y .  L i k e w i s e ,  t h i s  a n a l y s i s  t r e a t s  a l l  
i n c i d e n t  r a d i a t i o n  a s  b e i n g  n o r m a l  t o  t h e  m a s k  s u r f a c e  a n d  c o n s i d e r s  t h e  a d d ­
i t i o n a l  c o o l i n g  b y  f r e e  c o n v e c t i o n  a  s e c o n d  o r d e r  e f f e c t .

J . C h a n P A G E  N O . _ £  R E T E N T I O N R E Q U I R E M E N T S

W. C h i  u C O P I E S  F O R M A S T E R S  F O R

J . G r a f n  ’ P ~ |  3  M O S .

J . H a t m a n I 1 3  M O S . 1 1 6  M O S .

R. H o d g e 1 I 0  M O S . P  ] 1 2  M O S .

1 1 M O S .

n .............

j [ M O S .
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3 . 0  A n a l y s i s

3 . 1  S o l a r  A c q u i s i t i o n

T h e  i n c i d e n t  r a d i a t i o n  i s  g i v e n  i n  F i g u r e  1 a s  t h e  f r a c t i o n  o f  f u l l  a p e r t u r e .
I n  t h i s  c a s e ,  f u l l  a p e r t u r e  i s  t h e  m a x i m u m  s o l a r  i n s o l a t i o n  o f  1 k w / m ^  i r r a d ­
i a t i n g  a  7 "  d i a m e t e r  l e n s  w i t h  a  t r a n s m i s s i v i t y  o f  0 . 9 .  T h e  e n e r g y  t r a n s m i t t e d  
a t  f u l l  a p e r t u r e  i s  t h u s  0 . 0 2 2  kw ( 1 . 2 7 1  B T U / m i n . ) .  By i n t e g r a t i n g  t h e  a p e r t u r e  
c u r v e  a s  a  f u n c t i o n  o f  t i m e  u s i n g  t h e  t r a p e z o i d e l  r o l e ,  t h e  t o t a l  e n e r g y  i n c i d e n t  
o n  t h e  m a s k  c a n  b e  d e t e r m i n e d  t o  b e  1 . 2 2  x  l O " ^  k w - h r  ( 4 . 1 7 1  B T U ) .

T h e  t e m p e r a t u r e - t i m e  c u r v e  f o r  t h e  m a s k  i s  d e r i v e d  f r o m  a n  e n e r g y  b a l a n c e  t a k i n g  
i n t o  a c c o u n t  t h e  f o l l o w i n g :

1 )  E n e r g y  a b s o r b e d  b y  t h e  m a s k  i s  g i v e n  b y

E = e Ea b s o r b e d  s  i n c i d e n t ,
w h e r e  i s  t h e  m a t e r i a l  e m i t t a n c e  a t  s o l a r  w a v e l e n g t h s .

2 )  E n e r g y  r e - r a d i a t e d  b y  t h e  m a s k  i s  g i v e n  b y

^ r e r a d  ~ ° ( T )  T T ^  ) A^ A t ,  w h e r e  o i s  t h e  S t e f a n
B o l t z m a n n  c o n s t a n t ,  5 . 6 6 8 8  x  1 0 " ®  W/ M2k‘* ,  A^ i s  t h e  a p p r o p r i a t e  
s u r f a c e  a r e a ,  a n d  A t  i s  t h e  t i m e  i n t e r v a l .

3 )  T h e  m a s k  t e m p e r a t u r e  i s  t h e n  f o u n d  f r o m :

T ( t ) = T ( t - A t )  + ( —  r e r a d j ^  w h e r e  M i s  t h e  a p p r o p r i a t e

m a s k  m a s s  a n d  C i s  t h e  m a t e r i a l  s p e c i f i c  h e a t .

S i n c e  T ,  t h e  m a s k  t e m p e r a t u r e ,  i s  u s e d  i n  b o t h  o f  t h e  l a s t  t w o  e q u a t i o n s ,  a n  
i t e r a t i v e  p r o c e d u r e  i s  u s e d  f o r  t h e  s o l u t i o n .

T h e  s u r f a c e  a r e a  a n d  m a s s  u s e d  i n  t h e  a b o v e  e q u a t i o n s  d e p e n d  o n  t h e  m a s k  m a t e r i a l .  
F o r  m a t e r i a l s  w i t h  l o w  c o n d u c t i v i t y ,  t h e  i n c i d e n t  e n e r g y  w o u l d  b e  c o n d u c t e d  t h r o u g h ­
o u t  t h e  m a s k  s l o w l y ,  r e s u l t i n g  i n  h i g h  t e m p e r a t u r e  r i s e s  a t  t h e  i r r a d i a t e d  s p o t .
F o r  i n s u l a t o r s ,  t h e  r e r a d i a t i n g  s u r f a c e  a r e a  a n d  e n e r g y - a b s o r b i n g  m a s s  a r e  t h o s e  
f o r  t h e  s p o t  g i v e n  i n  F i g u r e  2 .  F o r  m a t e r i a l s  w i t h  h i g h  c o n d u c t i v i t y ,  n o  m o r e  t h a n  
a  5% e r r o r  i s  i n t r o d u c e d  b y  a s s u m i n g  a  u n i f o r m  t e m p e r a t u r e  o n  t h e  e n t i r e  mask.^
F o r  c o n d u c t o r s ,  t h e  s u r f a c e  a r e a  a n d  m a s s  a r e  t h o s e  f o r  t h e  e n t i r e  m a s k .  As  
d e s i g n e d ,  t h e  h i g h  c o n d u c t i v i t y  o f  t h e  m e t a l  m a s k  i n s u r e s  t h a t  i t  w i l l  a c t  a s  a  
c o n d u c t o r  i n  t h i s  c a s e .

T h e  m a s k  t e m p e r a t u r e  d u r i n g  s o l a r  a c q u i s i t i o n ,  c a l c u l a t e d  f r o m  t h e  a b o v e  e q u a t i o n s ,  
c a n  b e  s e e n  i n  F i g u r e  5 .  T h i s  f i g u r e  d e m o n s t r a t e s  t h a t  i f  t h e  m a s k  w e r e  c o n ­
s t r u c t e d  o u t  o f  a n  i n s u l a t i n g  m a t e r i a l ,  a  s e v e r e  h o t  s p o t  w o u l d  d e v e l o p  ( i n s u l a t o r  
c u r v e ) .  H o w e v e r ,  t h e  c u r r e n t  d e s i g n  c a l l s  f o r  a  c h r o m e  o r  n i c k e l  p l a t e d  s t e e l ,  s o  
o n l y  a  m o d e r a t e  t e m p e r a t u r e  r i s e  c a n  b e  e x p e c t e d  d u r i n g  t h e  t i m e  i t  t a k e s  t o  r e a c h  
f o c u s  ( c o n d u c t o r  c u r v e ) .
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3 . 2  W o r s t  C a s e  S c e n a r i o

I n  t h e  e v e n t  t h a t  t h e  c o l l e c t o r  w o u l d  r e m a i n  f i x e d  i n  a n  o f f - a x i s  p o s i t i o n  
a n d  e x p o s e  t h e  m a s k  t o  m a x i m u m  i n s o l a t i o n  f o r  a n  i n d e f i n i t e  p e r i o d  o f  t i m e ,  
t h e  a s - d e s i g n e d  m a s k  w o u l d  s t i l l  b e  v i a b l e .  U s i n g  a  s i m i l a r  a n a l y s i s  a s  
a b o v e ,  b u t  w i t h  a  c o n s t a n t  e n e r g y  i n f l u x  a t  f u l l  a p e r t u r e ,  i t  i s  d e t e r m i n e d  
t h a t  t h e  m e t a l l i c  m a s k  w i l l  r i s e  i n  t e m p e r a t u r e  u n t i l  t h e  p o i n t  i s  r e a c h e d  
a t  w h i c h  t h e  i n c i d e n t  e n e r g y  i s  e x a c t l y  b a l a n c e d  b y  t h e  r e r a d i a t e d  e n e r g y .
T h e  t e m p e r a t u r e  r e a c h e d  b y  t h e  m a s k  i n  t h i s  c a s e  i s  3 9 7 ° F .

4 . 0  C o n c l u s i o n s

An e n e r g y  b a l a n c e  c o n d u c t e d  o n  t h e  p r o t e c t i v e  s h i e l d  i n d i c a t e s  t h a t  a  c h r o m e  
o r  n i c k e l  p l a t e d  m a s k  w i l l  u n d e r g o  o n l y  a  m o d e r a t e  t e m p e r a t u r e  r i s e  d u r i n g  
s o l a r  a c q u i s i t i o n .  I t  i s  n o t  a n t i c i p a t e d  t h a t  a n  i n s u l a t i n g  w a s h e r  b e t w e e n  
t h e  a t t a c h m e n t  s c r e w s  a n d  t h e  t e x t o l i t e  b a s e  w i l l  b e  r e q u i r e d .  E v e n  i n  a  
w o r s t  c a s e  s c e n a r i o ,  t h e  m a s k  t e m p e r a t u r e  r e a c h e s  o n l y  3 9 7 ° F .  To  g a i n  p e r ­
s p e c t i v e  o n  t h i s  t e m p e r a t u r e  r i s e ,  i t  i s  n o t e d  t h a t  n i c k e l - p l a t e d  s t e e l s  h a v e  
b e e n  e x p e r i m e n t a l l y  r a i s e d  t o  7 5 0 ° F  w i t h  n o  i l l  e f f e c t s  i n  e v i d e n c e . ^  T h e  c h o i c e  
o f  n i c k e l  p l a t e  o v e r  c h r o m e  p l a t e  m a y  b e  j u s t i f i e d  o n  t h e  b a s i s  o f  t h e  f a c t  
t h a t  t h e  l i n e a r  e x p a n s i o n  c o e f f i c i e n t s  f o r  b o t h  n i c k e l  a n d  s t e e l  a r e  v e r y  s i m i l a r ,  
s o  s p a l l i n g  p r o b l e m s  m a y  b e  a v o i d e d .  T h e  f i n a l  r e c o m m e n d a t i o n ,  o f  c o u r s e ,  s h o u l d  
b e  m a d e  b y  a  m a t e r i a l s  e n g i n e e r .

5 . 0  R e f e r e n c e s

1 .  R.  L a m b e r t ,  " A c t i o n  I t e m  # 9 " , J u n e  1 7 ,  1 9 8 0 .

2 .  F .  K r e i t h ,  P r i n c i p l e s  o f  H e a t  T r a n s f e r ,  2 n d  e d . .  I n t i  T e x t b o o k  C o . ,  S c r a n t o n ,
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