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PREFACE - -- 

The purpose of this symposium was to review the current status of the con- 

centrating collector technology, to disseminate the information gained from 

experience in operating solar systems, and to highlight the significant 

areas of technology development that must be vigorously- pursued to foster 

early commercialization of concentrating solar collectors. The symposium 

was coordinated by the Solar Energy Research Institute, Golden, Colorado, 

on behalf of the Thermal Power Systems Program, Division of solar Energy, 

within the Uffice of AssisLauL Secretary for Energy Technol.ogy, 1T.S. Depart- 

ment of Energy. 

The first day of the two-day symposfum was used to providc on overview of 

the technology. Six invited speakers presented the analytical considerations, 

the commercial designs in use, the thermal and photovoltaic applications 

of concentrating collectors, and the new developments in progress. A talk 

on the international developments and applications of concentrators pro- 

vided. the attendees with a bird's-eye view of all significant activity in 

countries other than the United States. Prepared text of the six invited 

papers is included in Section I. 

As the symposium was intended to be a participating activity, the second 

day was devoted to two sessions of working groups. The morning session, 

Session 1, included five parallel working groups. The discussion topics 

and the discussion leaders were as follows: 

Session - 1 

Group 1: Reflective Surfaces, Surface P~.eparation, and Absorber 
Conringu P u r T u ~ ~ i a a c c ,  Pnt Call and Keith Mast~rsnn, SERI, 

Group 2: Mechanical and Structural Analysis - and Design Consideration. 
Me1 Frohardt, Martin Marietta. 

Group 3 : Materials -- and Fluid ~om~atibilit~. Steven Pohlman, SERI. 

Group 4: Performance Standards Development - for Concentrating Collectors. 
Byard Wood, Arizona State University. 

Group 5: System Controls. Jim Tobias, Honeywell, Inc. 



The afternoon session, Session 2, included four parallel working groups. 

The discussion topics and the discussion leaders were as-follows: 

Session 2 

Group 1: Cleaning - and Maintenance Processes ---- and Cost of Time Phased 
Cleaning. Roscoe Champion, Sandia Laboratories. 

Group 2: ~ i ~ h  Temperature Receiver Materials Performance. L. Davis 
Clements, Texas Tech University. 

Group 3: Production acd Manufacturing. Dave Feasby, SERI. 

Group 4: -- Line Focus Receiver Technology., Howard Gerwin, Sandia 
Laboratories. 

At the end of each of the two sessions, the leaders presented a summary of 

the discussions. 

The working groups were well attended, and participation and discussions were 

lively. Reports describing consensus results of these meetings were prepared + 

by the group leaders and are included in Section 11. These reports also pro- z 

vide the conclusions reached and the recommendations made by the participants. , 

A list of the 175 persons attending the symposium is included in these proceed- 

ings. Also, a list of participants in each working group is included at the 

end of the individual working group summaries. , %. 

We hope that this.symposium volume will provide to the solar concentrating 

collector community a review that will help in the generation of new concepts, 

in production and manufacturing of collectors, and in the widespread applica- 

tion of concentrators with a view toward commercialization of this emerging 

technology which holds the greatest promise for satisfying a wide range of 

energy needs of electrical generation, total energy, industrial process heat, 

heating'and cooling, irrigation, and photovoitaic systems. 

Many people contributed to this symposium. , In particular, the organizers of 

the symposium wish tp expr'ess their sincere appreciation to the authors of the 

six invited papers for diligently preparing the written text and the presenta- 

tions which provided the attendees with authoritative information of current 



interest. Appreciation is also expressed to the leaders of the working 

groups for undertaking the task of preparing the discussion topics and 

the consensus summaries after the conference. It is due to the efforts of 

the speakers and the discussion leaders that the proceedings could be com- 

piled in a timely manner. Of course, the attendees must be recognized for 

their pat,ience and all-out participation, which made the symposium meaningful. 

Special appreciation and'recognition are due to the Conferences Group at 

the Solar Energy Research Institute for its exceptional work in preparing 

for the symposium as well as for its assistance during the two hectic days 

of tlie symposium. 
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O P T I C A L  AND T H E R M L  A N A L Y S I S  OF CONCENTRATORS 

by 

. A R I R A B L  

SOLAR ENERGY RESEARCH INS'I 'L'I 'U TE 

G o l d e n ,  C o l o r a d o  



In Section I the general relation between concentration ratio and acceptance 

angle is discussed and illustrated with examples for typical designs of 

solar concentrators. To a good approximation a collector of concentration 

C accepts 1/C of the diffuse solar radiation. 

Section I1 addresses special optical properties of linear concentrators. 

Whereas the focal length of linear reflectors is constant, the focal length 

of linear refractors (Fresnel lenses) decreases with angle of incidence 

(along the concentrator axis); therefore, collectors with Fresnel lens are 

practical only with north-south tracking axis. A simple method is presented 

for analyzing the optics of glass tubes. 

Section IT1 provides a general framework for analyzing the efficiency of 

thermal collectors. The instantaneous efficiency can be referred to different 

bases for insolation measurement (e.g., pyranometer or pyrheliometer) or 

for temperature measurement (e.g., receiver surface temperature or fluid 

temperature). Conversion factors are given for converting the efficiency 

from one base to another. The relationship between instantaneous efficiency 

and long-term average energy delivery is discussed, and use of the long-term 
- 

average optical efficiency 
rlo 

is recommended as a simple means of incorporating 

'incidence angle effects . 

Section IV describes a particular class of concentrators, the CPC (= compound 

parabolic concentrator ) ,  and presents performance data for solar collectors 

with CPC reflectors and evacuated receiver tubes. The optical efficiency 

oi these collectors is about 0.55 with off-the-shelf components and has been 

raised above 0.70 by means of silvered reflectors and low-cost antireflection 

coatings. The U-value is bn the order of 2/C w/m2 O K ,  where C is the con- 

centration ratio. Operating efficiencies above 40% at 150°C have been 

demonstrated with fixed CPC collectors (concentration C = 1.5) and off-the- 

shelf components (receiver tubes supplied by General Electric and by Owens- 

Illinois). 



I. INTRODUCT-ION 

A .  DEFINITION OF CONCENTRATION 

Concentrat ion of s o l a r  r a d i a t i b n  becomes nece'ssary when working f l u i d  

temperature  above t h a t  t y p i c a l l y  ach ievable  wi th  a f l a t - p l a t e  c o l l e c t o r  

is  des i r ed .  

Two d e f i n i t i o n s  of concen t r a t i on  a r e  n a t u r a l  and have been i n  u se ;  t o  avoid 

confusion a s u b s c r i p t  should be added whenever t h e  contex t  does n o t  c l e a r l y  

s p e c i f y  'which d e f i n i t i o n  i s  meant. The f i r s t  d e f i n i t i o n  is  s t r i c t l y  geo- 

m e t r i c a l  a s  r a t i o  of a p e r t u r e  a rea*  and r e c e i v e r  s u r f a c e a r e a ,  and t h e  names 

geomet r ic  concen.trati .on, o r  a r e a  concen t r a t i on  f o r  s h o r t ,  a r e  recommended. 

The s e c o n d . d e f i n i t i o n ,  i n  terms of i n t e n s i t y  r a t i o  a t  a p e r t u r e  and a t  

r e c e i v e r ,  
1, 

involves  abso rp t ion  e f f e c t s  i n  a d d i t i o n  t o  geometry and should be  r e f e r r e d  

t o  a s  f l u x  concen t r a t i on .  While f l u x  concen t r a t i on  i s  a u s e f u l  concept i n  

pho tovo l t a i c  work, t h e  geomet r ica l  d e f i n i t i o n  is  more a p p r o p r i a t e  f o r  s o l a r  

thermal  c o l l e c t o r s  because hea t  l o s s e s  a r e  t o  a good approximation propor- 

t i o n a l  t o  t h e  r e c e i v e r  a r e a ,  and acceptance of d i f f u s e  r a d i a t i o n  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o - a r e a  concen t r a t i on .  Therefore ,  throughout t h i s  paper ,  "con- 

cen t r a t i on"  s h a l L  mean "area  concent ra t ion"  even i f  no t  e x p l i c i t l y  s ta ted .**  

* Real  a p e r t u r e  a r e a ,  i . e . ,  wi thout  cos ine  f a c t o r .  

**On occas ion ,  somewhat a r b i t r a r y  d e f i n i t i o n s  of concen t r a t i on  have been used, 
f o r  example, t h e  r a t i o  of a p e r t u r e  width over  r e c e i v e r  tube  diameter .  I f  
concen t r a t i on  i s  t o  be a g e n e r a l  and u s e f u l  concept ,  t h e  convent ions of a 

Eq. (1-1) o r  Eq.  (1-2) should be followed c o n s i s t e n t l y .  



C l o s e l y  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  is  t h e  a c c e p t a n c e  a n g l e ,  i . e . ,  t h e  

a n g u l a r  r a n g e o v e r  which a l l  o r  a lmost  a l l  ( s a y  95%) of t h e  incident:  r a y s  

are a c c e p t e d  w i t h o b t  moving a l l  o r  p a r t  of t h e  c o l l e c t o r . *  The a c c e p t a n c e  

a n g l e  i s  one of t h e  most impor tan t  c h a r a c t e r i s t i c s  of a  s o l a r  c o n c e n t r a t o r  

b e c a u s e  i t  d e t e r m i n e s  t h e ,  t r a c k i n g  requ i rement .  By c o n s i d e r i n g  phase  s p a c e  

c o n s e r v a t i o n  [ I ]  o r  , r e c i p r o c i t y  r e l a t i o n s  f o r  r a d i a t i o n  shape  f a c t o r s  [ 2 ] ,  

one can show t h a t  t h e  second law of thermodynamics imposes an upper  l i m i t  on 

t h e  c o n c e n t r a t i o n  r a t i o  a c h i e v a b l e  by any o p t i c a l  sys tem w i t h  nonzero a c c e p t a n c e  

a n g l e ;  t h i s  i s ' s o m e t i m e s ' c a l l e d  t h e  thermodynamic ( o r  i d e a l )  . l i m i t  of c o n c e n t r a t i o n .  

  here must be a c o n n e c t i o n  between o p t i c s  ~ 1 . 1 ~ 1  t h ~  serond 1 m  of  t,hermod:,rnamisc 

because  i f  s o l a r  ( o r  any ' o t h e r )  r a d i a t i o n  could  be  c o n c e n t r a t e d  on td  an' a r b i -  

t r a r i ly  ~ m s l l  r c c c i v c r ,  ' t h e  r e c e i v e r  ten>pts.i:aLcrre cuuld exceed che surface 
t e m p e r a t u r e  of t h e  s u n  ( s o u r c e  o f ,  r a d i a t i o n )  . T h i s  wou1.d ohvi n11s1 y  h e  a vi o l a t i o n  

of t h e  second law which s t a t e s  t h a t  h e a t  canndt  f low unaided from, a  c o l d  s u r f a c e  

t o  a h o t  s u r f a c e .  The maximum p o s s i b l e  c o n c e n t r a t i o n  [ I ]  f o r  a  g i v e n  accep tance  

h a l f  a n g l e  B c  f o r  two-dimensional ( t r o u g h - l i k e ,  l i n e  f o c u s )  c o n c e n t r a t o r s  i s  

' i d e a l ,  2 D  
= l / s i n  8 

C 

and f o r  th ree -d imens iona l  ones  (cones ,  d i s h e s ,  pyramids ,  p o i n t  focus )  i s  

' i d e a l ,  3 D  = l / o i n 2  0 c 

S i n c e  t h e  a n g u l a r  r a d i u s  of t h e  s u n i s  A = 1/4O, t h i s  l i m i t  i m p l i e s  a  maximum 
s 

of 200 f o r  t h e  c o n c e n t r a t i o n  of a s i n g l e  a x i s  t r a c k i n g  s o l a r  c o n c e n t r a t o r  

whereas  f o r  a p o i n t  f o c u s  c o l l e c t o r  geometry,  i t  is  40,000. However, t h e  

c o n c e n t r a t i o n  a c h i e v a b l e  i n  prac t ica l  s y s t ~ . m s  is r p r l i i r ~ d  hy a number of 

f a c t o r s  [ 2 ] :  

(i) Most c o n v e ~ ~ t i o l l a l  c u ~ ~ c m l t r a t o r s  , i n  p a r t i c u l a r  l i n e  o r  p o i n t  

f o c u s i n g  t y p e s ,  a r e  based on o p t i c a l  d e s i g n s  which f a l l  s h o r t  

of t h e  thermodynamic l i m i t  by a f a c t o r  of 2 t o  4 .  

(ii) Track ing  e r r o r s ,  e r r o r c  i n  m i r r o r  s u r f a c e  and c o n t o u r ,  a d  

r e c e i v e r  a l ignment  n e c e s s i t a t e  d e s i g n  accep tance  a n g l e s  

'*The c o l l e c t o r  i s  assumed t o  c o n s i s t  o f  a r e c e i v e r  and a  c o n c e n t r a t c r  ( l e n s  
o r  m i r r o r ) .  



c o n s i d e r a b l y  l a r g e r  t h a n  t h e  a n g u l a r  d i a m e t e r  of t h e  sun .  

( i i i )  No l e n s  o r  m i r r o r  m a t e r i a l  is  p e r f e c t l y  s p e c u l a r ;  t h e r e f o r e ,  

t h e  a c c e p t a n c e  a n g l e  must be  e n l a r g e d  f u r t h e r . .  T h i s  e f f e c t  
. . 

i s  aggrava ted  by d i r t  and dust ' .  

( i v )  Due t o  a tmospher ic  s c a t t e r i n g ,  a  s i g n i f i c a n t  o f  t h e  

s o l a r  r a d i a t i o n  may come from d i r e c t i o n s  o t h e r  t h a n  t h e  s o l a r  ! 

d i s c  i t s e l f .  

The c h o i c e  of o p t i m a l  c o n c e n t r a t i o n  f o r  a  g i v e n  a p p l i c a t i o n  i n v o l v e s  con-.. 

s i d e r a t i o n  of t h e s e  and many o t h e r  f a c t o r s  ( o p t i c a l ,  c l i m a t i c ,  t h e r m a l ,  ' 

economic, e t c . ) ,  and i t  is  u n l i k e l y  t h a t  any s i n g l e  c o n c e n t r a t o r  t y p e  w i l l  

be d e s i r a b l e  f o r  a l l  a p p l i c a t i o n s .  To a l l o w  f o r  meaningful  e v a l u a t i o n ' a n d  

comparison of . d i f f e r e n t  c o l l e c t o r  t y p e s ,  it is ' i m p e r a t i v e  t h a t  a  s ' t andard ized  

format  be adopted f o r  t e s t i n g  and r e p o r t i n g  of a l l  c o l l e c t o r s .  Much ,of t h i s  

paper  i s  t h e r e f o r e  addressed  t o  t h e  connec t ion  between measurement. of c o l l e c t o r  

e f f i c i e n c y  and long-term performance p r e d i c t i o n .  

B. CONCENTRATION RATIO ACHIEVABLE I N  PRACTICAL SYSTEMS 

The c h o i c e  of c o n c e n t r a t i o n  r a t i o  i n  a  s o l a r  c o n c e n t r a t o r  involves '  a compromise 

between o p t i c a l  and t h e r m a l  performance.  The a b s o r b e r  shou ld  be chosen a s  s m a l l  

a s  p o s s i b l e  t o  reduce  h e a t  l o s s ,  y e t  l a r g e  enough t o  i n t e r c e p t  a l l ,  o r  a lmost  

a l l  i n c i d e n t  r a d i a t i o n .  One t h e r e f o r e  h a s  t o  c o n s i d e r  t h e  r a y s  w i t h  t h e  

l a r g e s t  expec ted  d e v i a t i o n  from t h e  d e s i g n  d i r e c t i o n  i . e . ,  t h e  d i r e c t i o n  from 

c o l l e c t o r  a p e r t u r e  t o  c e n t e r  of sun.  T h i s  a n g u l a r  d e v i a t i o n  0 i s  due t o  t h e  
C 

f i n i t e  s i z e  bf t h e  sun and t o  m i r r b r  and t r a c k i n g  e r r o r s .  The exainfile o f ' t h e  
. . 

p a r a b o l i c  t r o u g h  r e f l e c t o r  w i t h  c y l i n d r i c a l  a b s o r b e r  t u b e ,  F i g .  1, s e r v e s  t o  

i l l u s t r a t e  t h i s  p rocedure  f o r  f o c u s i n g  c o l l e c t o r s ;  s i m i l a r  c o n s i d e r a t i o n s  

app ly  f o r  o t h e r  a b s o r b e r  shapes .  The a b s o r b e r  t u b e  i s  p l a c e d  c o n c e n t r i c a l l y  

around t h e  f o c a l  l i n e .  I f  t h e  r a y  w i t h  t h e  l a r g e s t  d e v i a t i o n  is  t o  r e a c h  t h e  

a b s o r b e r  j u s t  b a r e l y ,  as shown by t h e  dashed l i n e  i n  F i g .  1, t h e n  t h e  concen t ra -  

t i o n  must: be 



F i g .  1 . Focusing parabo la  

where 4 is the rim angle 3 AOB.,   he maximum occurs at I$ = 90° and falls a 

factor IT short of the ideal limit. This is typical of all single stage focusing 

concentrators (i.e., they reach only one-fourth to one-half of the thermodynamic 

concentration limit). Table 1 lists the appropriate formulas for the most 

important geometries. The concentration is also express,ed in terms of 
L 

CICi.deal 
for C 

ideal 
= l/sin OC or llsin 0 for one- or two-axis tracking 

C 

collectors respectively, and numerical values are given for several values of Oc. 

For practical installations, geometric concentration is not the only design 

criterion, and slightly different rim angles can be substituted. For example, 

rim angles beyond 90' and undersized absorbers can be used if the incremental 

ref lector cost is low. 



TABLE 1 

CONCENTRATION C A N D  MIRROR SURFACEIAPERTURE A R E A  R A T I O ' A ~ I A ~  AS FUNCTION O F  RIM A N G L E  4 A N D  ACCEPTANCE 

HALF A N G L E  ec FOR PARABOLIC REFLECTOR.  FLAT ABSORBER IS ONE-SIDED; CONCENTRATION 

FOR 2-SIDED FLAT ABSORBER CAN BE OBTAINED FROM C 2 - S I D E D  

,IU%- 
absorb=r shape 

2D (trough) --- ----- 
tube  

f l a t  

wi th  opt imal  0 
n 

round tube 0 = - . 
opt  2 
1 -.rr 

f l a t  0 = T ( T - ~ G  
op t  

3 D  (d ish)  ------ 
sphere  

f l a t  

= 'I2 ( C i - ~ ~ ~ ~ ~ )  + 1 )  

C 

s i n  8 
.rr s i n  Oc 

s i n  0 cos(8 +Oc) - 
s i n  OC 

1 
n s i n  O C  

1 3 
2 s i n  Oc - - 2 

s i n 2  0 
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There  i s ,  however, a c l a s s  of nonimaging c o n c e n t r a t o r s ,  t h e  Compound P a r a b o l i c  

C o n c e n t r a t o r  o r  CPC, which a c t u a l l y  r e a c h e s  t h e  thermodynamic l i m i t ,  Eq. (1-3). 

T h i s  is  i m p o r t a n t  i n  p r a c t i c e  because  i t  p e r m i t s  t h e  d e s i g n  of c o n c e n t r a t i n g  

c o l l e c t o r s  w i t h  wide a c c e p t a n c e  a n g l e ,  i n  p a r t i c u l a r  f i x e d  c o l l e c t o r s  w i t h  

c o n c e n t r a t k o n  r a t i o  up t o  2 - a n d  n o n t r a c k i n g  b u t  t i l t  a d j u s t a b l e  c o l l e c t o r s  

w i t h  c o n c e n t r a t i o n  r a t i o  u p ; t o  about  10.  Fur thermore,  a  c o n v e n t i o n a l  f o c u s i n g  

sys tem w i t h  a matching CPC as second s t a g e  c o n c e n t r a t o r  can c l o s e l y  approach 

t h e  thermodynamic l i m i t .  An example of such  a  sys tem i s  t h e  Fixed M i r r o r  

Moving Rece iver  sys tem b u i l t  by Genera l  Atomic [ 3 ] .  

C .  ACCEPTANCE FOR DIFFUSE RADIATION 

S o l a r  c o n c e n t r a t o r s  which a r e  t o  r e q u i r e  l i t t l e  o r  no t r a c k i n g  must have a 

f a i r l y  l a r g e  a c c e p t a n c e  a n g l e ,  and t h e r e f o r e  can c o l l e c t  a s i g n i f i c a n t  amount 
f 

of d i f f u s e  r a d i a t i o n .  A p r e c i s e  c a l c u l a t i o n  of t h i s  e f f e c t  would r e q u i r e  de- 

t a i l e d  i n f o r m a t i o n  abou t  t h e  a n g u l a r  d i s t r i b u t i o n  of d i f f u s e  sky  r a d i a t i o n .  

S i n c e ,  a t  t h e  p r e s e n t  t i m e  v e r y  l i t t l e  d a t a  on t h i s  d i s t r i b u t i o n  a r e  a v a i l a b l e ,  

we s h a l l  s imply assume t h a t  t h e  h e m i s p h e r i c a l  i n s o l a t i o n  I i s  t h e  sum of t h e  
h  

d i r e c t  component I (beam) and an i s o t r o p i c  background I ( d i f f u s e )  
b  d 

The f r a c t i o n  of t h e  i s o t r o p i c  component I which i s  a c c e p t e d  by most s o l a r  
d  

c o l l e c t o r s  of c o n c e n t r a t i o n  C ,  i n  p a r t i c u l a r  V-troughs and CPCs is  

independen t  of t h e  d e t a i l s  of t h e  c o n c e n t r a t o r .  (For  some f o c u s i n g  p a r a b o l a s  

w i t h  r i m  a n g l e  41 < 9 0 °  and f o r  F r x n c l  l c n s c s  w i t h o u t  s i d e  r e f l e c t o r s ,  t h e  

a c c e p t a n c e  f o r  d i f f u s e  r a d i a t i o n  may be  as much a s  a  f a c t o r  2  s m a l l e r  t h a n  1 / C .  

However, such c o n c e n t r a t o r s  would b e  used o n l y  i n  t r a c k i n g  systems w i t h  such 

h i g h  v a l u e s  of C t h a t  t h e  c o n t r i b u t i o n  of d i f f u s e  r a d i a t i o n  i.s n e g l i g i h l ~ .  anyway.) 



Due t o  t h e  predominance of n e a r  forward s c a t t e r i n g  [ 4 ]  i n  t h e  a tmosphere ,  t h e  

sky r a d i a t i o n  t e n d s  t o  be  c e n t e r e d  around t h e  s u n ,  and t h e r e f o r e ,  t h e  i s o t r o p i c  

model u n d e r e s t i m a t e s  t h e  a c t u a l  a c c e p t a n c e  f o r  d i f f u s e  r a d i a t i o n .  Le t  u s  

d e s i g n a t e  by y t h e  f r a c t i o n  of t h e  h e m i s p h e r i c a l  r a d i a t i o n  I which f a l l s  
h  

w i t h i n  t h e  accep tance  a n g l e  of a  s o l a r  c o n c e n t r a t o r .  I n  terms of Y t h e  above 

d i s c u s s i o n  can be  summarized by t h e  lower bound 

Data t a k e n  a t  Argonne N a t i o n a l  Labora to ry  s u g g e s t  t h a t  y i s  about  1% l a r g e r  

t h a n  t h i s  lower bound. P r e l i m i n a r y  v a l u e s  [5]. of y f o r  d i f f e r e n t  a c c e p t a n c e  

a n g l e s  and wea ther  c o n d i t i o n s  a r e  l i s t e d  i n  Tab le  2 .  

The beam component I h a s  t r a d i t i o n a l l y  been measured w i t h  a  p y r h e l i o m e t e r ,  
b  

an i n s t r u m e n t  w i t h  a  2.8' a c c e p t a n c e  h a l f  a n g l e .  T h i s  a n g l e  i s  much l a r i e r  

t h a n  t h e  0.25' h a l f  a n g l e  of t h e  s o l a r  d i s k .  The d i f f e r e n c e  between t h e  

r a d i a t i o n  from t h e  s o l a r  d i s k  and t h e  t o t a l  r a d i a t i o n  i n c i d e n t  w i t h i n  t h e  cone 

a n g l e  of a  p y r h e l i o m e t e r  i s  d e f i n e d  as c i r c u m s o l a r  r a d i a t i o n .  S o l a r  c o l l e c t o r s  

w i t h  h i g h  c o n c e n t r a t i o n  have s m a l l  a c c e p t a n c e  h a l f  a n g l e s ,  t y p i c a l l y  between 

0 . 5  t o  1 ° , a n d  w i l l ,  t h e r e f o r e ,  m i s s  much of t h e  c i r c u m s o l a r  r a d i a t i o n .  The 

s e v e r i t y  of t h i s  e f f e c t  depends s t r o n g l y  on sky  c o n d i t i o n s .  C o l l e c t o r s  de- 

s i g n e d  w i t h  s m a l l  accep tance  a n g l e s  do n o t  u t i l i z e  c i r c u m s o l a r  r a d i a t i o n .  

I f  t h e  r e c e i v e r s  were redes igned  t o  u s e  t h e  c i r c u m s o l a r  r a d Y a t i o n ,  t h e  c o l l e c t o r  

o u t p u t  may i n c r e a s e  by a  s m a l l  amount (abou t  1 % )  i n  v e r y  c l e a r  c l i m a t e s  ( e . g . ,  

Albuquerque,  New Mexico) and a s  much a s  5% i n  more hazy c l i m a t e s  ( e . g . ,  F o r t  

Hood, Texas) [ 4 ] .  



TABLE 2 
* 

ESTIHATES OF ENERGY COLLECTION FOR DIFFERENT COLLECTOR DESIGNS 

Henisph r i c a l  
'Ondi 1 1 ~ s o l a t i o n  Fa) (w;rn2) I Energy Ava i l ab le  t c  Coi l e c t o r  as % of 

Hemisphericzl I nso l  a t i o n  

(a)pyranomefir  a t  nctrmal incidence. 

(b)normal inc idence pyrhel  i o n e t e r  ,2.9' acceptance ha1 f a r g l  e.  

( " e s t i w t e  based on c i rcumsolar  data o f  Lawrence Berkeley Laboratory 141, assuming 
t h a t  Focusing c o l l e c t o r  sees o n l y  s o l a r  d i s k .  

( d ) ~ h e  values o f  C heading esch column r e f e r  t o  Concentration F a i t o r .  

* 
cour tesy of  .Dr. K. A .  Reed 3 f  Argonre Nat ional  Laborato'r:, 



OPTICAL PROPERTIES OF LINEAR CONCENTRATORS 

The o p t i c a l  a n a l y s i s  o f  l i n e a r  o r  t r o u g h l i k e  r e f l e c t o r 8  is r e l a t i v e l y  

s i m p l e  because  a two-dimensional  a n a l y s i s  is s u f f i c i e n t ,  even a t  

nonnormal i n c i d e n c e .  T h i s  f o l l o w s  from t h e  law o f  s p e c u l a r  r e f l e c t i o n .  

Suppose t h e  t r o u g h  is p l a c e d ,  a s  i n  F i g .  1, p a r a l l e l  t o  t h e  

z - a x i s ;  and suppose  a  r a y  e n t e r i n g  i n  t h e  d i r e c t i o n  i = ( i x ,  i y , O )  h a s  

been found t o  r e a c h  t h e  r e c e i v e r  w i t h  d i r e c t i o n  v e c t o r  s = (sX, sy, 0 ) .  
. , 

Then a r a y  e n t e r i n g  i n  t h e  d i r e c t i o n  

*with  a r b i t r a r y  i '  h a s  t11e same ( x , y )  p r o j e c t i o n  and l e a v e s  w i t h  
Z. 

no m a t t e r  how-many r e f l e c t i o n s  have o c c u r r e d .  T h i s  i m p l i e s  t h a t ,  i n  

t r o u g h l i k e  r e f l e c t o r s ,  t h e  r a y  t r a c e  diagram and ,  i n  p a r t i c u l a r ,  t h e  

f o c a l  l e n g t h ,  is independent  o f  t h e  e l e v a t i o n  o f  t h e  i n c i d e n t  r a y  from 

t h e  xy p l a n e .  T h i s  c o n t r a s t s  w i t h  l i n e a r  r e f r a c t i v e  c o n c e n t r a t o r s  whose 

focal '  l e n g t h  c.hanges w i t h  nonnormal i n c i d e n c e  as d i s c u s s e d  i n  t h e  

f o l l a w i i ~ g  s u b s e c t i u ~ ~  . 

There  are,  however, t w o c h a r a c t e r i s t i c s  of t r o u g h l i k e  r e f l e c t o r s  f o r  which 
. . , .  . 

t h e  e l e v a t i o n  o f  t h e  sun  from t h e  p r o j e c t i o n  p l a n e  do make a  d i f f e r e n c e .  

F i r s t l y ,  t h e r e  i s  t h e  end e f f e c t  of f i n i t e  t r o u g h s -  which c a n  

be  compensated by t h e  a d d i t i o n  o f .  f l a t  end r e f l e c t o r s .  It can  a l s o  be  

minimized by b u i l d i n g  l o n g ~ t r o u g h s  o r  by u s i n g  p o l a r  mount. Second ly ,  

t h e r e  is a n  i n c r e a s e  i n  t h e  p r o j e c t e d  (on  xy p l a n e )  a n g u l a r  w i d t h [ 6 J  of t h e  

s u n  which n e c e s s i t a t e s  a l a r g e r  a b s o r b e r .  F i g u r e  2c i l l u s t r a t e s  t h i s  

f e a t u r e  by showing s c h e m a t i c a l l y  t h e  p o s i t i o n  o f  t h e  sun  r e l a t i v e  t o  t h e  



F i g .  2.  D e f i n i t i o n  o f  t h e  p r o j e c t e d  i nc i dence  ang les  0 ,  ( a ) ,  and e l l  (b) - f o r  two-d imensional  concen t ra to r s  - 



F i g .  2c. I n c r e a s e  i n  apparen t  s o l a r  w i d t h  f o r  two"dimensiona1 
c o n c e n t r a t o r s  a t  nonnorma-3 i n c i d e n c e  



c o l l e c t o r .  A t  noon, t h e  sun is i n  t h e  xy p l a n e  and t h e  a n g u l a r  h a l f  

w i d t h  As of t h e  s u n  i s  ( n o t e  A < < 1 )  
S 

A = L  
R 

w i t h  r = r a d i u s  of sun  
s 

. R  = d i s t a n c e  ea r th - sun  

I n  t h e  r e f e r e n c e  f rame o f  t h e  c o l l e c t o r ,  t h e  a p p a r e n t  d i u r n a l  motion o f  

t h e  s u r ~  is a c i r c l e  of' r a d i u s  R around t h e  e a r t h ;  and t h e r e f o r e ,  away 

from s o l a r  ni-lon,the p r o j o o t e d  a n g u l a r  11alr wldth  61" t h e  sun i n  t h e  xy 

p l a n e  is 

. r s A .  = .  - '  - 
s , x y  R c o s  

XY I I 

where R i s  t h e  p r o j e c t i o n  
x  Y 

R = R cos  8 
XY I I 

o f  t h e  s u n - e a r t h  d i s t a n c e  on t h e  xy p l a n e .  For  a  c o n c e n t r a t o r  

w i t h  eas t -wes t  a x i s ,  t h e  p r o j e c t e d  a n g u l a r  wid th  of  t h e  sun a t ' f o u r  

h o u r s  from noon w i l l  be  t w i c e  as l a r g e  as a t  noon. 

B.  TRACKING AND MIRROR E R R O R S  n Y  RHFLECTINC CONCENTrdTORS 

A l l  m i r r o r  and t r a c k i n g  e r r o r s  can be  c h a r a c t e r i z e d  by t h e i r  a n g u l a r  s t a n d a r d  

d e v i a t i o n  u from t h e  d e s i g n  d i r e c t i o n .  The s t a n d a r d  d e v i a t i o n  o  
r e f  l e c t o r  

r e s u l t i n g  from a l l  o p t i c a l  i m p e r f e c t i o n s  i s  o b t a i n e d  by add ing  t h e  s q u a r e s  of 

t h e  i ~ i d l v i d u a l  s t a n d a r d  d e v i a t i o n s  e x p r e s s e d  i n  e q u a t i o n  form as: 

- - 2 2  2  112 u r e f  l e c t o r  [ '20contbur)  + (20t i -acking)  + 



f o r  r e f l e c t o r  sys tems ,  a is  t h e  spread o f  t h e  r e f l e c t e d  r ay  due t o  
P 

imper fec t  ~ p e c u l a r i ~ y ,  Frecnc l  l e n s e s ,  by c o n t r a s t ,  a r e  a  f a c t o r  2 t o  4  

less s e n s i t i v e  t o  contour  and t r a c k i n g  e r r o r s ;  s e e  Sec t ion  I1 C. 

The f i n i t e  angular  r a d i u s  AsUn = 1/4O o f  t h e  sun c o n t r i b u t e s  f u r t h e r  t o  

beam spreading  and t h e  r e s u l t i n g  t o t a l  beam width f o r  r a d i a t i o n  from 

r e f l e c t o r  o r  l e n s  s u r f a c e  t o  t h e  r e c e i v e r  is g iven  by 

u - - 2 2  ] 112 
t o t  [ a  sun , e f f  + a r e f l e c t o r  

Note . t ha t  t h e  s tandard  dev ia t i on  o f  t h e  sun corresponding t o  its angular  

r a d i u s  is 

a = 112 A = 118" 
sun sun 

f o r  a  l i n e  focus  system. For t r o u g h l i k e  c o n c e n t r a t o r s ,  t h e  e f f e c t i v e  angular  

width of t h e  sun i n c r e a s e s  a t  nonnormal i nc idence  and can be expressed by 

u 
- - sun 

a sun , e f f  cos 8 
II 

where 8 is t h e  s o l a r  inc idence  ang le  p ro j ec t ed  on t h e  plane spanned by 
I I  

sun and t rough a x i s  a s  explained above. While t h i s  e f f e c t  is n e g l i b l e  

f o r  po l a r  mounted c o n c e n t r a t o r s ,  i t  makes a sun ,ef  f  twice a s  l a r g e  a s  

sun f o u r  hours  from s o l a r  noon i n  concen t r a to r8  wi th  east-weat axis; 

hence, use o f  usun,eff  is  recomrnended$in Eq.  (11-6)<. 

The s imp le s t  procedure f o r  account ing f o r  mir ror  e r r o r s  is t o  f i r s t  f i nd  

atot  and then t o  choose t h e  r e c e i v e r  s i z e  t o  g i v e  t h e  system an 

acceptanoe h a l f  a n g l e  8, = 2Utot i f  t h e  o p t i c s  were p e r f e c t .  This  

a s s u r e s  c o l l e c t i o n  o f  a t  l e a s t  95% o f  t,he incoming rays .  F u r  h igh  

concen t r a t i on  sys tems ,  i t  may pay t o  f u r t h e r  op t imize  t h e  r e l a t i o n  

between acceptance  a n g l e  and f r a c t i o n  o f  r a y s  c o l l e c t e d ;  bu t  i n  low 

concen t r a t i on  systems,  t h e  r o l e  of e r r o r  is  l e s s  important  and t h e  



w 2 a i s 9 5 % 1 1  r u l e  w i l l  u s u a l l y  be  a good compromise. I n  f a c t ,  t h e  l a r g e  

t o l e r a n c e  t o  manufac tu r ing  and t r a c k i n g  e r r o r s  is  one o f  t h e  c h i e f  

a d v a n t a g e s  o f  low c o n c e n t r a t i o n  sys tems .  

For  nontracking.concentrators, t h e  r u l e  f o r  i n c o r p o r a t i n g . m i r r o r  e r r o r s  

i s  s l i g h t l y  d i f f e r e n t  b u t  e q u a l l y  s imple :  e n l a r g e  t h e  d e s i g n  a c c e p t a n c e  

h a l f  a n g l e  o f  a  p e r f e c t  sys tem by 2otot .  T h i s  r u l e  i s  j u s t i f i e d  by t h e  

f a c t  t h a t ,  i n  a CPC, a l l  r a y s  i n c i d e n t  w i t h  8 in = 8 c ,  i . e . ,  a t  t h e  

o u t o f f  angle, underao  e x a c t l y  one r e f l e c t i o n  on t h e i r  way t o  t h e  

C. OPTICS OF FHESNEI. LENSES 

The o p t i c s  o f  a r e f r a c t i v e  e lement  ( l e n s )  d i f f e r s  i n  two i m p o r t a n t  

a s p e c t s  from t h a t  o f  a r e f l e c t i v e  e lement  ( m i r r o r ) :  t h e  

o f f - a x i s  a b e r r a t i o n s  and t h e  e f f e c t  of s u r f a c e  and t r a c k i n g  

e r r o r s .  

I f  t h e  i n c i d e n t  r a d i a t i o n  is n o t  p a r a l l e l  t o  t h e  o p t i c a l  a x i s  o f  a  

F r e s n e l  l e n s ,  t h e  f o c a l  l e n g t h  s h o r t e n s ;  a n d ,  due t o  a b e r r a t i o n s ,  t h e  

s i z e  o f  t h e  f o c a l  s p o t  i n c r e a s e s .  F i g .  3b shvws t h e  v a r i a t i o n  i n  

f nca l  l e n g t h  o f  a  l i n e  f o c u s  F r e s n e l  l e n s  as a  f u n c t i o n  o f  e l e v a t i o n  8 1 1  
o f  i n c i d e n t  d i r e c t i o n  from t h e  p l a n e  o f  t h e  paper  i n  F i g .  3a .  F o r  a  

two d i m e n s i o n a l  c o n c e n t r a t i o n  sys tem ( l i n e  f o c u s  o r  c y l i n d r i c a l  

geometry)  w i t h  east-west a x i s ,  B I I  changes  from OD ( a t  noon) t o + 6 0 °  

( a t  4 pm); and t h e  c o r r e s p o n d i n g  v a r i a t i o n  l i l  focal .  1e11gth makso tho ,  u s e  

o f  F r e s n e l  l e n s e s  i m p r a c t i c a l  f 'or t h i s  c o n f i g u r a t i o n .  

Un the  o t h e r  hand ,  i n  a nyntcm w i t h  p o l a r  t - r a c k i n g  a x i s ,  t h e  s e a s o n a l  

v a r i a t i o n  i n  8 is l e s s  t h a n  +40 - f o r  t h e  same c u t o f f  t i m e s ;  and a  

l i n e a r  F r e s n e l ' l e n s  can b e  used w i t h  low c o n c e n t r a t i o n  (C 5 1 2 ,  o r  up t o  

a p p r o x i m a t e l y  20 i f  a second s t a g e  c o n c e n t r a t o r  is u s e d ) .  I f  h i g h e r  

c o n c e n t r a t i o n  v a l u e s  (20 t o  40)  a r e  t o  be  reached  w i t h  l i n e  f o c u s  

F r e s n e l  l e n s ,  t h e  t ilt  o f  t h e  t r a c k i n g  a x i s  must b e  a d j u s t e d  s e a s o n a l l y .  

16 . 



F i g .  3a. O f f - a , x i s  a b e r r a t i o n  o f  l i n e a r  F resne l  l e n s .  S o l i d  l i n e :  beam 
i n c i d e n t  i n  p l a n e  o f  paper ,  f ocus  F; dashed l i n e :  beam n o t  i n  
p l a n e  o f  paper ,  f ocus  F '  . . . 



F i g .  3 b .  Change of focal length of l i n e a r  Fresnel lens with nonplanar 
incidence 

To u n d e r s t a n d  t h e  e f f e c t -  o f  t r a c k i n g  and c o n t o u r  e r r o r s  i n  a  l e n s ,  l e t  

u s  r eca l l  t h a t ,  ' i f  t h e  s l o p e  o f  a  r e f l e c t o r  e l ement  d i f f e r s  from t h e  

c o r r e c t  v a l u e  by a n  a n g l e  A ,  t h e  r e f l e c t e d  r a y  w i l l  d e v i a t e  from t h e  

d e s i g n  d i r e c t i . o n  by 2A. I n  a  F r e s n e l  l e n s ,  on t h e  o t h e r  hand ,  t h e  

c o r r e s p o n d i n g  d e v i a t i o n  from t h e  d e s i g n  d i r e c t i o n  w i l l  be (n-l)A 

f o r  r a y s  p a s s i n g  th rough  t h e  c e n t e r  o f  t h e  l e n s  where n  is t h e  i n d e x  o f  

r e f r a c t i o n .  Near t h e  edge  o f  t h e  l e n s  t h e  d e v i a t i o n s  w i l l  be  somewhat 

l a r g e r ;  b u t ,  i n  g e n e r a l ,  a F r e s n e l  i e n s  is a f a c t o r  2 t o  4 l e s s  

s e n s i t i v e  t o  s u r f a c e  and t r a c k i n g  e r r o r s  t h a n  a r e f l e c t o r .  I n  p r a c t i c e ,  

t h i s  e f f e c t  w i l l  more t h a n  compensate f o r  t h e  c h r o m a t i c  a b e r r a t i o n s  o f  

s i m p l e  F r e s n e 1 , l e n s e s  as compared t o  r e f l e c t o r s  (which a r e  i n h e r e n t l y  

free from c h r o m a t i c  a b e r r a t i o n s ) .  

D .  OPTICS OF GLASS TUBES 

I n  o r d e r  t o  r e d u c e  h e a t  l o s s e s  i n  s o l a r  t h e r m a l  c o l l e c t o r s ,  i t  may be  de- 

s i r a b l e  t o  e n c l o s e  t h e  a b s o r b e r  t u b e w i t h i n  a  g l a s s  t u b e .  The e f f e c t  

which r e f r a c t i o n  i n  t h e  g l a s s  t u b e  h a s  on t h e  o p t i c s  o f  a  s o l a r  

c o n c e n t r a t o r  c a n  be  de te rmined  by a s i m p l e  method [ 7 ]  which f o l l o w s  from 

t h e  c o n n e c t i o n  between r o t a t i o n a l  symmetry and a n g u l a r ,  momentum . .  

c o n s e r v a t i o n .  .This i s  b e s t  e x p r e s s e d  i n - t e r m s  o f  t h e  impact  pa ramete r  

o f  a  l i g h t  r a y ,  d e f i n e d  as s h o r t e s t  d i s t a n c e  between t h e  l i g h t  r a y  and 



t h e  symmetry a x i s  o f  t h e  tube .  I n  F i g .  4 ,  t h e  impact  p a r a m e t e r s  ro, r 1 ' 
and r2 o f  t h e  l i g h t  r a y  R o u t s i d e  t h e  t u b e ,  i n  t h e  t u b e  w a l l ,  and i n s i d e  

t h e  t u b e ,  r e s p e c t i v e l y ,  a r e  r e l a t e d  by 

i f  R is i n  t h e  p l a n e  o f  t h e  p a p e r ,  and by 

i f  R is n o n p l a n a r  w i t h  z component sZ. I f  R would have  been t a n g e n t  

t o  t h e  a b s o r b e r  t u b e  i n  t h e  a b s e n c e  'of  t h e  g l a s s  e n v e l o p e , '  i t  w i l l  a l s o  

be t a n g e n t  t o  t h i s  a b s o r b e r  ( a t  a  d i f f e r e n t  p o i n t ) '  a f ter  p a s s i n g  th rough  

t h e  enve lope .  T h e r e f o r e ,  t h e  c o n c e n t r a t i o n  v a l u e  o f  t h e  whole s y s t e m  is 
4 .  

n o t  changed by t h e  a h d i t i o n  o f  an  enve lope .  T h i s  r e s u l t  h o l d s  for b o t h  

p l a n a r  and '  f o r  n o n p l a n a r  r a y s  and is independen t  o f  t h e  i n d e x  o f  

r e f r a c t i o n  o r  t h e  d i a m e t e r s .  
.. .. 



F i g .  4. R e f r a c t i o n  o f  l i g h t  ray by g l a s s  tube .  The i m p a c t  p a r a m e t e r s  
rO a n d  r2 are e q u a l .  



111. RELATIONSHIP BETWEEN INSTANTANEOUS EFFICIENCY AND 

LONG-'I'EKM AVEKAGE ENERGY 1)ELIVEKY -- 

A. PREDICTION METHODS 

The performance of s o l a r  c o l l e c t o r s  i s  u s u a l l y  s p e c i f i e d  i n  t e rms  of in-  

s t a n t a n e o u s  o r  peak e f f i c i e n c y ,  based on c l e a r  days  and normal i n c i d e n c e .  

I n  p r a c t i c a l  a p p l i c a t i o n s ,  however, one needs  t o  know t h e  long-term energy 

d e l i v e r y  averaged over  a l l  c loud c o n d i t i o n s  and i n c i d e n c e  a n g l e s  [ 8 ] .  To 

f i l l  t h i s  need ,  many r e s e a r c h e r s  have advocated a v e r a g e  d i u r n a l  e f f i c i e n c y  

a s  a  c o l l e c t o r  performance measure.  U n f o r t u n a t e l y ,  such  average  e f f i c i e n c y  

c u r v e s  may depend s t r o n g l y  on p e c u l i a r i t i e s  of t h e  wea ther  f o r  t h e  t e s t  

day and t e s t  l o c a t i o n ,  and a r e  t h e r e f o r e  l i m i t e d  i n  t h e i r  g e n e r a 1 , a p p l i c a b i l i t y .  
* 

One approach t o  t h i s  problem is t o  u s e  a computer program w i t h  i n s t a n t a n e o u s  

e f f i c i e n c y  and h o u r l y  i n s o l a t i o n  d a t a  as i n p u t .  Use of r e a l  d a t a  f o r  a  

s p e c i f i c  p l a c e  and y e a r  p r o v i d e s  a  performance s i m u l a t i o n  f o r  t h a t  p l a c e  and 

y e a r ;  i t  i s  r e l i a b l e ' a s  p r e d i c t i o n  f o r  t h e  long-term average  on ly  i f  t h e  

wea ther  d a t a  are r e p r e s e n t a t i v e  of long-term wea ther  behav ior .  A f t e r  a l l ,  

f l u c t u a t i o n s  i n  monthly t o t a l  i n s o l a t i o n  from one y e a r  t o  t h e  n e x t  commonly 

exceed - +lo%,  and t h e  r e s u l t i n g  o u t p u t  f l u c t u a t i o n s  f o r  t h e r m a l  c o l l e c t o r s  

a r e  even l a r g e r .  

Computer s i m u l a t i o n s  r e q u i r e  t i m e ,  money, and e x p e r t i s e .  Even though t h e  

computing t i m e  i s  i n c o n s e q u e n t i a l  f o r  a  few sample s i m u l a t i o n s ,  t h e  l a r g e  

number of pa ramete rs  t o . b e  c o n s i d e r e d  w i l l  make any meaningful  sys tem o p t i -  

m i z a t i o n  o r  comparison s t u d y  c o s t l y  and t ime  consuming. Fur the rmore ,  one 

g a i n s  l i t t l e  i n t u i t i v e  u n d e r s t a n d i n g  of function.al~relationships. 

A s  an a l t e r n a t i v e  one can u s e  a g e n e r a l i z e d  L i u  and Jordan  model [ 9 ]  which 

t r e a t s  a l l  c o l l e c t o r  t y p e s  i n  a  c o n s i s t e n t  manner and .which  n e e d s ,  as 

m e t e o r o l o g i c a l  i n p u t ,  o n l y  t h e  long-term average  d a i l y  t o t a l  h e m i s p h e r i c a l  

i r r a d i a t i o n  H on a  h o r i z o n t a l  s u r f a c e  a s  w e l l  as t h e  long-term average  
h  

d a i l y  ambient t e m p e r a t u r e  T . T h i s  i n £  ormat ion i s  r e a d i l y  a v a i l a b l e  f o r  a  
a  



l a r g e  number of l o c a t i o n s .  The method i s  s imple enough f o r  hand. c$ l cu la t ions .  

I n  g e n e r a l ,  t h e  s easona l  v a r i a b i l i t y  of t h e  'weather w i l l  n e c e s s i t a t e  a  

s e p a r a t e  c a l c u l a t i o n  f o r  each month of t h e  yea r ;  however, one c a l c u l a t i o n  

f o r  t h e  c e n t r a l  day of each month w i l l  be  adequate.  Long-term weather pa t -  

t e r n s  a r e  au toma t i ca l ly  included i n  ,such a  model. S ince  t h e  dependence on 

i n d i v i d u a l  design v a r i a b l e s  such a s  t i l t  ang le ,  concent ra t ion  r a t i o ,  and 

ope ra t ing  temperature is  d isp layed  e x p l i c i t l y ,  i t  is  easy t o  s tudy  t h e  e f f e c t  

of changing any of t h e s e  v a r i a b l e s .  The in f luence  of c l ima te  and l o c a t i o n  

can be assessed  s y s t e m a t i c a l l y .  This  ga in  i n  i n t u i t i v e  understanding can be 

of g r e a t  he lp  f o r  system opt imiza t ion  and f o r  comparison s t u d i e s .  

. Whichever of t h e s e  two long-term p r e d i c t i o n  methods i s  used, t h e  c o l l e c t o r  

c h a r a c t e r i s t i c s  must be measured and r epor t ed  i n  a  s tandard ized  format;  t h e  
. , . , . .  , 

same format is  s u i t a b l e  f o r  both methods. I n  o r d e r ' f o r  t h e  c a l c u l a t i o n  t o  be 

a c c u r a t e ,  i t  is  impera t ive  t h a t  a  su f f i c i t en t  number of '  c o l l e c t o r  parameters 

be measured [10,11] .  Most important  a r e  t h e  ins tan taneous  e f f i c i e n c y  TI a t  

normal i nc idence ,  t h e  o p t i c a l  e f f i c i e n c y ,  
'lo ' t h e  hea t  l o s s  ql, and thef i in-  

c idence  angle  modi f ie r .  For t h e  ope ra t ing  temperature and i n s o l a t i o n  s e v e r a l  

choices  a r e  p o s s i b l e ,  and t h e  fol lowing subsec t ions  g ive  formulas f o r  con- 

v e r t i n g  Erom one base  t o  another  ( e .g . ,  f r o m ' r e c e i v e r  temperature t o  f l u i d  

i n l e t  temperature,  o r  from beam i r r a d i a t i o n  t o  hemispher ica l  i r r a d i a t i o n )  .' 

B. SPECIFICATION OF INSOLATION 

~ r a d i t i o n a l l ~ ,  t h e  e f f i c i e n c y  of f  l a t - p l a t e  c o l l e c t o r s  has' been r e fe r r ed '  t o  

hemispher ica l  ( a l s o  c a l l e d  g l o b a l  o r  t o t a l )  . i r r a d i a t i o n  I and t h a t  of 
h  ' 

t r a c k i n g  c o l l e c t o r s  t o  beam ( a l s o  c a l l e d  d i r e c t )  i r r a d i a t i o n  I To convert 
b  ' 

from one base t o  ano the r ,  i t  is  appropr i a t e  t o  add s u b s c r i p t s  t o  t h e  
2 

e f f i c i e n c y .  I T  qout is C l ~ r  collector output [ i n  W/m 1 r e l n t i v c  t o  n c t  col-  

l e c t o r  a p e r t u r e  a r e a  A ,  t hen  t h e  e f f i c i e n c y  wi th  r e spec t  t o  hemispherical  

i r r a d i a t i o n  I i s  
h  



, while  t h e  e f f i c i e n c y  wi th  r e spec t  t o  beam I i s  
b  

The conversion from one t o  t h e  o t h e r  i s  

where I = Ih - I i s  t h e  d i f f u s e  component. Since e f f i c i e n c y  measurements 
d  b .  

should /always be done under c l e a r  sky ,  t h e  r a t i o  I / I '  of d i f f u s e  over  beam 
d b  

is  about 0 . 1  t o  0.15. This  means t h a t  t h e  e f f i c i e n c y  curve of a  c o l l e c t o r  

is  a t  l e a s t  10% higher  when s t a t e d  i n  terms of beam r a t h e r  than  i n  terms of 

hemispherical  r a d i a t i o n .  

Co l l ec to r s  wi th  low concent ra t ion  1 < C 2 10 ,  e . g . ,  CPC and V-trough, accept  

a  s i g n i f i c a n t  f r a c t i o n ,  1 / C ,  of t h e  d i f f u s e  component i n  a d d i t i o n  co I 
b y  

and t h e  i n s o l a t i o n  a v a i l a b l e  t o  them is  

For t h e s e  c o l l e c t o r s  t h e  e f f i c i e n c y  may be s t a t e d  r e l a t i v e  t o  t h e  i r r a d i a t i o n  

I (i.e., i r r a d i a t i o n  wi th in  acceptance angle)  a s  
C 

The conversion from 0 t o  oh i s  
C - 



C .  REFERENCE TEMPERATURE 

Seve ra l  c o l l e c t o r  t empera tures  can s e r v e  a s  r e r e r ence  f o r  s t a t i n g  L l ~ r  ef 

f i c i e n c y ,  t h e  most u s e f u l  being 

r 
= average  c o l l e c t o r  r e c e i v e r  s u r f a c e  temperature  

T = f l u i d  i n l e t  t empera ture  
i n  

T  = f l u i d  o u t l e t  t empera ture  . 
out 

f  
- 
- (T in  + Tout 

) / 2  = average  f l u i d  temperature  

To a  ve ry  good approximation,  only t h e  d i f f e r e n c e  between t h e  c o l l e c t o r  

r e c e i v e r  s u r f a c e  temperature  and 

T = ambient temperature  
a  

m a t t e r s .  The hea t  l o s s  c o e f f i c i e n t  o r  U-value U [ i n  bJ/rn2'~] is  def ined  

r e l a t i v e  t o  c o l l e c t o r  a p e r t u r e  a r e a  A a s  

where q i s  t h e  h e a t  l o s s  [ i n  W ] .  S t r i c t l y  speaking,  U i s  no t  c o n s t a n t ;  bu t  
1 

i t s  dependence on tempera ture ,  wind, and o t h e r  environmental  f a c t o r s  i s  f a i r l y  

weak, and good approximation is  obta ined  by us ing  an average U-value cor res -  

ponding t o  t h e  a n t i c i p a t e d  ope ra t i ng  temperature .  For a  b e t t e r  approximation 

we recommend Tabor ' s  pa rame te r i za t i on  [ l l ]  
I 

where p  i s  'a c o l l e c t o r  dependent c o e f f i c i e n e ,  c y p l c d l y  i n  t h o  ranee fl. 1 t o  

0 .3  f o r  nonevacuated c o l l e c t o r s  and somewhat l a r g e r  f o r  evacuated c o l l e c t o r s .  

In  terms of U t h e  c o l l e c t o r  e f f i c i e n c y  reads  

i f  t h e  average r e c e i v e r  s u r f a c e  tempera ture  T  i s  g iven .  Is rhe upLical  
r rlo 

e f f i c i e n c y  o r  e f f i c i e n c y  a t  z e ro  heat l o s s ;  i t  has a l s o  been r .a l led  -ca product  

i n  t h e  f l a t - p l a t e  l i t e r a t u r e .  ' 



Usua l ly  i t  i s  more p r a c t i c a l  t o  measure t h e  f l u i d  t empera tu re  t h a n  t h e  re -  

c e i v e r  s u r f a c e  t empera tu re .  I n  terms of t h e  average  f l u i d  t empera tu re  T 
f  

t h e  e f f i c i e n c y  e q u a l s  

where F' i s  t h e  h e a t  e x t r a c t i o n  f a c t o r  ( c a l l e d  c o l l e c t o r  e f f i c i e n c y  f a c t o r  

i n  Ref . .  12)  g i v e n  by t h e  r a t i o  . . - - 

t h e  t h e r m a l  conductance U from f l u i d  from ambient  o v e r  t h e  t h e r m a l  con- 
f a  

duc tance  from r e c e i v e r  s u r f a c e  t o  ambient ( i n  t h i s  e q u a t i o n  b o t h  U v a l u e s  

must r e f e r  t o  a p e r t u r e  a r e a ) . .  I f  t h e  f l u i d  i n l e t  t e m p e r a t u r e  T is  s p e c i -  i n  
f i e d ,  t h e  e f f i c i e n c y  i s  

w i t h  t h e  h e a t  removal f a c t o r  [12]  

i s  t h e  mass f low r a t e  [ k g / s ]  th rough  t h e  c o l l e c t o r  and c i s  t h e  f l u i d  
P  

h e a t  c a p a c i t a n c e  [.T/kg OC] a t  c o n s t a n t  p r e s s u r e .  F i n a l l y ,  t h e  dependence 

of e f f i c i e n c y  on f l u i d  o u t l e t  t e m p e r a t u r e  T is  g i v e n  by a m o d i f i c a t i o n  [ 1 3 ]  
o u t  

of Eq.  (111'-12) 

Any of t h e  f o u r  e x p r e s s i o n s  f o r  e f f i c i e n c y ,  (111-9), (111- lo) ,  (111-12),  o r  

(111-14), can be used a s  s t a r t i n g  p o i n t s  f o r  t h e  c a l c u l a t i o n  of long-term 

average  performance.  



D.  INCIDENCE ANGLE MODIFIERS 

Measurements of i n s t an t aneous  e f f i c i e n c y  a r e  u sua l ly  c a r r i e d  out (and 

r epor t ed )  a t  normal o r  n e a r l y  normal inc idence .  I n  a c t u a l  ope ra t ion ,  on 

t h e  o t h e r  hand, t h e  inc idence  angle  on any c o l l e c t o r  wi th  l e s s  than  f u l l  

2-axis t r ack ing  w i l l  vary  over t h e  cou r se .o f  t h e  day and t h e  yea r .  Usually 

t h e  o p t i c a l  e f f i c i e n c y  decreases  wi th  l a r g e  inc idence  angles  because of 

i nc reased  r e f l e c t i o n  from cover g laz ing  and because of geometric f a c t o r s .  

This  e f f e c t  can be descr ibed  by an inc idence  angle  modi f ie r  F (  8  8  EW' NS 
which m u l t i p l i e s  t h e  o p t i c a l  e f f i c i e n c y  n measured a t  normal inc idence  

0 

This  n o t a t i o n  a l lows  f o r  ' d i f f e f e n t  angular  c h a r a c t e r i s t i c s  i n  t h e  East-West 

and i n  t h e  North-South d i r e c t i o n s  f o r  c o l l e c t o r s  wi th  l i n e a r  s t r u c t u r e s  

such a s  t u b u l a r  c o l l e c t o r s  o r  CPC t roughs .  For f l a t - p l a t e  c o l l e c t o r s ,  and 

f o r  p o i n t  focus c o l l e c t o r s ,  t h e  angular  c h a r a c t e r i s t i c s  can be descr ibed  

by a  s i n g l e  angular  v a r i a b l e .  Co l l ec to r s  d i f f e r  widely i n  t h e i r  angular  

c h a r a c t e r i s t i c s .  For a  p a r a b o l i c  l i n e  f'ocus c ~ ' ~ ~ e c t o r  wi th  f l a t  e n d , r e -  

f l e c t o r s ,  t r ack ing  about  t h e  p o l a r  a x i s ,  t h e  v a r i a t i o n  of o p t i c a l  e f f i c i e n c y  

may be n e g l i g i b l e .  On t h e  o t h e r  hand, co ' l l ec to r s  such a s  t h e  Owens-Ill inois 

SUNPAK (TM) c o l l e c t o r  show. v a r i a t i o n s  i n  excess  of 20%. 

For g r e a t e s t  accuracy of long-term performance p r e d i c t i o n s  one should measure 

t h ~  f11nr.tionaJ. dependence of no(8 8  ) on 8  and O N S .  This  v a r i a t i o n  EW' NS E W 
can then  be fo lded  i n t o  hour-by-hour c a l c u l a t i o n s .  

- - 
It i s ,  however, much s fmpler  tu xeplace TI by i t s  l o n g - t ~ . r m  average TI . I n  

- 0 u 
pract ice  n should h e  determined by measuring t h e  average day long e f f i c i e n c y  

0 - 
on a  c l e a r  day from t = t u n t i l  t = t 

C- c+ 

I 
(t) 1 

- A 
I T =T 

tc- = -.- I r a  
no 

J t:: I ( t )  
t c -  



with  average r e c e i v e r  temperature T kept  a s  c l o s e  a s  p o s s i b l e  t o  ambient T r a 
t o  minimize hea t  l o s s .  T f  t he  cond i t i on  Tr = T cannot be s a t i s f i e d ,  one 

a 
must c o r r e c t  Eq.  (111-16a) by adding t h e  d a i l y  t o t a l  hea t  l o s s  c a l c u l a t e d  

from t h e  known U-value 

i t> 

- A = tc- (111-16b) 
no tc+ I dt I(t) 

-tc- 

i f  t h e  r e c e i v e r  temperature T ( t ) ,  and r 

('t 1 
tC+ gout f 'It{--- + u[~~(t)-T~(t)l 

- - - t c -  AF', 
"0 

(111-16~)  

- tc- 

i f  t h e  average f l u i d  tempera ture ,T  ( t )  has  been monitored. 
f  

n 

Some angular  scans  which-have been repor ted  i n  t h e  l i t e r a t u r e  [14,15] a r e  

shown i n  F igs .  5 and 6. 
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I V .  PERFORMANCE -- OF SOLAR COLLECTORS WITH COMPOUND 

PARARO1,TC CONCF.NTRATORS - AND EVACUATED RECEIVERS* 
! 

Compound p a r a b o l i c  concen t r a to r s  (CPC;also c a l l e d  nonimaging concen t r a to r s )  

ach ieve  t h e  h ighes t  p o s s i b l e  concen t r a t i on  pe rmis s ib l e  by t h e  thermodynamic 

l i m i t  of concen t r a t i on  

l / s i n  B c  f o r  2-dimensional o r  t rough- l ike  concen t r a to r s  
C = 2 

l / s i n  B c  f o r  3-dimensional o r  cone-l ike concen t r a to r s  

c o n s i s t e n t  wit11 a  giveil acceptance h a l f  angle  8  . For nonrracking s o l a r  col-  
C 

l e c t o r s  w i t h  maximal concen t r a t i on ,  one w i l l  use CPC t roughs  a l i gned  i n  t h e  

east-west d i r e c t i o n .  It :is reasonable  t o  demand a t  l e a s t  seven hours  o p e r a t i n g  

time [16,17] a t  s o l s t i c e ,  t h e  t ime of t h e  yea r  w i th  t h e  l a r g e s t  apparent  s o l a r  

motion; t h e  corresponding concen t r a t i on  l i m i t  i s  10 i f  t i l t  adjustments  from 

one day t o  t h e  next  a r e  permi t ted .  A completely f i x e d  c o l l e c t o r  can have a  

concen t r a t i on  r a t i o  of 1 . 5  t o  2.0. For some a p p l i c a t i o n s ,  c o l l e c t i o n  of s o l a r  

energy is  r equ i r ed  only during h a l f  of t h e  yea r ;  i n  t h a t  case  concen t r a t i on  of 

3 .0  becomes p r a c t i c a l  w i th  a  f i x e d  c o l l e c t o r .  

The f i r s t  example [18]  of a  CPC shown i n  F ig .  7  was found independent ly  i n  t h e  

United S t a t e s ,  Germany, and t h e  U.S.S.R. about  1966. It c o n s i s t s  of p a r a b o l i c  

r e f l e c t o r s  which funne l  t h e  r a d i a t i o n  from a p e r t u r e  t o  absorber .  The r i g h t  

and l e f t  h a l f  belong t o  d i f f e r e n t  pa rabo la s ,  a s  expressed by t h e  name CPC. 

The a x i s  of t h e  r i g h t  branch,  f o r  i n s t a n c e ,  makes an angle  8 w i t h  t h e  c o l l e c t o r  
C 

midplane, and i t s  focus  i s  a t  A. A t  t h e  end p o i n t s  C.and D ,  t h e  s l o p e  i s  

p a r a l l e l  t o  t h e  c o l l e c t o r  midplane. 

Subsequent t o  t h e  d i scovery  of t h e ' b a s i s  CPC, F ig .  7 ,  s e v e r a l  g e n e r a l i z a t i o n s -  

of t h e  i d e a l  concen t r a to r  have been desc r ibed  which a r e  r e l e v a n t  f o r  s p e c i a l  

appl icaLiuns .  These g e n e r a l i z a r i o n s  concern 

- 
*Cont r ibu tors  t o  t h i s  work a r e  J.  Allen, '  N .  L e v i t z ,  K. Reed, W. Sche r t z ,  of 

.Argonne Nat iona l  Laboratory;  J . O .  Ga l lagher  and R. Winston of t h e  Un ive r s i t y  
of Chicago; and T. P e t e r s  of Chamberlain Manufacturing. 
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Fig. 7 . Cross section of CPC w i t h  
one-sided f l a t  absorber. 

( i )  t h e  use of a r b i t r a r y  r e c e i v e r  shapes [19,20] f o r  example, f i n s  

and tubes  ( t h e  l a t t e r  being important  because of t h e i r  a b i l i t y  

t o  c a r r y  a  h e a t  t r a n s f e r  f l u i d )  ; s e e  F ig .  8b and 8d. 

( i i )  t h e  r e s t r i c t i o n  of e x i t  angles  8 a r  rhe  r e c e i v e r  t u  va lues  [21] 
$ OU f 

8 < 8 < ~ r / 2  ( important  because some r e c e i v e r s  have poor 
o u t  2  

a b s o r p t i v i t y  a t  l a r g e  ang le s  of i nc idence ) ;  s e e  F ig .  9. 

( i i i )  asymmetric o r i e n t a t i o n  of source  and a p e r t u r e  ( f o r  t h e  des ign  

of c o l l e c t o r s  w i th  s e a s o n a l l y  vary ing  ou tpu t s )  [ 2 ] .  

( i v )  t h e  matching of a  CPC t o  a f i n i t e  source  of r a d i a t i o n  [21]  

(second s t a g e  concen t r a to r s  have t o  c o l l e c t  r a d i a t i o n  from a 

sou rce ,  t h e  f i r s t  stage,  w h i c h  i s  a f i n i t e  d i s t a n c e  away). 

A l l  of t h e s e  r e f l e c t o r  geometr,ies a r e . l o o s e l y  r e f e r r e d  t o  as CPC, even though 

some of them a r e  n o t  even pa rabo l i c .  More g e n e r a l l y ,  they may be c l a s s i f i e d  a s  

nonimaging concen t r a to r s .  



Fig .  8. C?C's f o r  d i f f e r e n t  absorber shapes : 
f l a t  one-sided ( a ) ,  f i n  (b ) ,  wedae (c)', tube ( d ) .  
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81 - 82 transformer, consisting o f  parholic section PH a n d  PL 
a n d  of stra ight  sections SR a n d  Sl.. 

Fig .  9 .  CPC w i t h  r e s t r i c t e d  e x i t  
a n g l e s  leoutl < e2. 

FULL CPC 
- - - - - - - - - - - TRUNCATED CPC 

........... C P t  U ITH  MIRROR ERRC!P A 

Fraction of the radiation incident on aperture at angle 8,. 
wllicl~ i t d i h t s  absorber, tor ideui Concentrator in twu J~III~:!I>;I:III~, . 
with acceptance half angle 8 .  assuming reflectivity p = I .  
-. untruncated ideal concrnfrator with perfect refleclors: 
------ . truncated ideal concentrator with perfect refleclors: 

........ . . untruncated ideal concentrator with surfacre~rors A. 

Fig.10. Angular response  of CPC 
(schemat ic) .  



A s  f o r  t h e  choice between d i f f e r e n t  absorber  t y p e s ,  t h e  con f igu ra t i on  w i t h  
. . 

f i n  o r  tube abso rbe r s ,  F ig .  8b and 8d,  w i l l  be p r e f e r a b l e  f o r  [22]  most 

s o l a r  a p p l i c a t i o n s .  Not only i s  the ,  absorber  m a t e r i a l  used more e f f i c i e n t l y  

than i n  o t h e r  des igns ,  bu t  hea t  l o s s e s  .through t h e  back a r e  low. This  w i l l  

more than compensate f o r  t h e  s l i g h t l y  h igher  o p t i c a l  l o s s e s  ( t h e  average 

number of r e f l e c t i o n s  f o r  t h e  ' conf igura t ions  of F ig .  8b and 8d i s  about 0.5 

h ighe r  than f o r  t h e  CPC of F ig .  7 ) .  

I n  t h e i r  o p t i c a l  p r o p e r t i e s ,  a l l  CPC types  a r e  e x a c t l y  o r  almost e x a c t l y  a l i k e .  

Above a l l ,  they have t h e  same r e l a t i o n  between concen t r a t i on  and acceptance 

angle .  A l l  r ays  i n c i d e n t  on t h e  a p e r t u r e  w i t h i n  t h e  acceptance ang le ,  i . e . ,  

wi th  8  e c y  w i l l  r each  t h e  absorber ,  whi le  a l l  r ays  w i th  8  > O c  w i l l  
i n  i n  

bounce back and f o r t h  between t h e  r e f l e c t o r  s i d e s  and re-emerge through t h e  

ape r tu re .  This  p rope r ty  is  shown ' s chema t i ca l l y .by  t h e  s o l i d  l i n e  i n  F ig .  10. 

I11 ~ l l i s  p a p e r ,  des ign ,  c o n s t r u c t i o n ,  and test r e s u l t s  a r e  r epo r t ed  f o r  s e v e r a l  , 

d i f f e r e n t  s o l a r  c o l l e c t o r s w i t h  CPC r e f l e c t o r s  and e v a c u a t e d r e c e i v e r s .  Concentra- 

t i o n  r a t i o s  of 1 .5 ,  3 .0 ,  and 5.0 were chosen. (F ive  t i m e s  concen t r a t i on  w i l l  

n e c e s s i t a t e  about 12 t i l t  adjustments  pe r  yea r . )  Concentrat ion ach ieves  two 

goa l s :  i t  improves t h e  h igh  temperature  performance, and i t  reduces c o l l e c t o r  

cos t  where r e f l e c t o r s  c o s t  l e s s  than r e c e i v e r s .  

The r e c e i v e r s  a r e  evacuated tubes ,  s u p ~ l i e d  by Corning Glass  [23 ] ,  by General 

E l e c t r i c  [ 2 4 ] ,  and by Owens-I l l inois  [25] .  Seve ra l  t echniques  f o r  low-cost 

manufacture of t h e  r e f l e c t o r s  have been eva lua t ed ,  i n  p a r t i c u l a r  vacuum formed 

p l a s t i c ,  r o l l  formed aluminum s h e e t ,  epoxy impregnated f i b e r g l a s s  and 

aluminized mylar on ure thane  foam, and aluminized mylar on paper honeycomb. 

With a l l ' t h e s e  p roces se s ,  t h e  r e s u l t i n g  m i r r o r  s u r f a c e  q u a l i t y  was q u i t e  

s a t i s f a c t o r y  i n  view of t h e  l a r g e  acceptance ang le  of. t h e  CPC. This  f a c t  is  

i l l u s t r a t e d  by t h e  angular  scan shown i n  F ig .  11.' It i s  t h e  measured angular  

response of a  1 . 5 ~  CPC w i th  r o l l  formed aluminum s h e e t  r e f l e c t o r  and Owens- 

I l l i n o i s  r e c e i v e r .  The most du rab l e  r e f l e c t o r  i s  obta ined  by r o l l  forming 

anodized aluminum s h e e t .  Even w i t h  t h i s  p rocess  which i s  t h e  mos't expensive 

of t he  ones cons idered ,  t h e  p ro j ec t ed  c o s t  [26]  of t h e  r e f l e c t o r  assembly i s  

3 5 



RESPONSE 

Fig.11 . Measured angular response ( r e l a t i v e  units on y-axis)  
of 1 . 5 ~  non-imaging concentrator.  

2 on ly  around $25/m of t h e  c o l l e c t o r  a p e r t u r e .  With aluminized vacuum formed 
2 

p l a s t i c ,  t he  r e f l e c t o r  c o s t  could be reduced t o  $5/m . 

The c r o s s  s e c t i o n  of t h e  Corning r e c e i v e r  (one-sided f l a t  absorber)  wi th  i t s  

matching CPC r e f l e c t o r  i s  shown i n  Fig.  1 2 .  The CPC conf igu ra t ion  appropr i a t e  

f o r  t h e  Owens-Ill inois and f o r  t h e  General E l e c t r i c  r e c e i v e r s  ( t u b u l a r  ab- 

s o r b e r s )  i s  shown i n  Fig.  13. I n  o rde r  t o  prevent  t h e  accumulation of d i r t  

and snow in t h e  r e f l e c t o r  t roughs ,  we chose to .cover t h e  a p e r t u r e  of a l l  col- 

l e c t o r s  with a  f l a t  s h e e t  of g l a s s  o r  a c r y l i c .  Even though,such a cover 

causes r e f l e c t i o n  and absorp t ion  l o s s e s ,  i t  enhances t h e  long-term performance 

by lcccping t h c  r c f l c c t o r  c lcan.  Furthermore, it a l lows  t h e  use  of low-cost 

l igh tweight  r e f l e c t o r  s t r u c t u r e s  which need not  be p ro t ec t ed  a g a i n s t  wind 

loading.  



F I G U R E  12. CROSS S E C T I O N  OF  3~ CPC 

W I T H  CORN'ING R E C E I V E R  

j O V E R  GLASS 

F I G U R E  1,,3. N O N I M A G I N G  1 , 5 ~  CONCENTRATOR COUPLED 

T O  TUBULAR EVACUATED RECE l V E R  (GENERAL 

ELECTRIC OR OKENS-ILLINOIS) 



The fo l lowing  c o l l e c t o r s  have been b u i l t  and t e s t e d :  

(i) a 1 . 5 ~  w i t h  General  E l e c t r i c  r e c e i v e r  ( i . e . ,  geometr ic  concentra- 

t i o n  r a t i o  C = 1 .5 ) .  . 

( i i )  a  1 . 5 ~  w i t h  Owens-I l l inois  r e c e i v e r .  

( i i i )  a  3x w i t h ' c o r n i n g  r e c e i v e r .  

( i v )  a  5x s t a t e -o f - the -a r t  v e r s i o n  wi th  Corning r e c e i v e r .  

( v )  a  5x advanced technology v e r s i o n  wi th  Corning r e c e i v e r  ( e t c h e d  

g l a s s  used f o r  cover and f o r  r e c e i v e r ;  s i l v e r e d  p l a s t i c  f i l m  used 

f o r  r e f  l e c t o r ) .  

( v i )  a  5x w i t h  Owens-I l l inois  tubes  (but wi th  hea t  t r a n s f e r  f l u i d  loop 

m o d i f i c d . t o  be. l i k e  t h a t  of t h e  G e n e r a l . E l e c t r i c  r e c e i v e r ) .  

T e s t  d a t a  f o r  c o l l e c t o r  ( i )  a r e  g iven  , i n  F ig .  1 4 ; , t h e y  imply operaLi~lg e f f i -  

c i e n c i e s  above 40% a t  T = 150°C above ambient w i th  a  f i x e d  c o l l e c t p r .  Note 

t h a t  t h e  e f f i c i e n c y  i s  s t a t e d  i n  terms of t o t a l  i n s o l a t i o n  on c l e a r  days.  

The quoted e f f i c i e n c y  would be  about  15% h ighe r  (dashed l i n e  i n  F ig .  14) i f  i t  

were r e f e r r e d  t o  d i r e c t  i n s o l a t i o n  a s  i s  cus tomary . for  most concen t r a to r s .  

. . . . 
Fig. 14.  Measured performance of fixed 1 . 5 ~  nonimaging 

concentrator with General Electr ic  receivers. 
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Data f o r  a  5x CPC wi th  Corn ing . r ece ive r  a r e  shown iri F ig .  15 ,  w i t h  e f f i c i e n c y  

r e f e r r e d  t o  r a d i a t i o n  w i t h i n  t h e  acceptance angle .  -Two v e r s i o n s  were t e s t e d ,  

a  s ta te -of - the-ar t  co ' l l e c to r  w i th  u n t r e a t e d  g l a s s  and aluminum r e f l e c t o r s ,  

and an advanced' technology v e r s i o n  wi th  e tched  g l a s s  and s i l v e r e d  r e f l e c t o r s .  

Etching of g l a s s  is  a  low-cost p rocess  which can i n c r e a s e  s p e c u l a r  t r ans -  

mi t tance  by a s  much a s  6  percentage ;oints by r educ t ion .o f  r e f l e c t i o n  l o s s e s  

from t h e  g l a s s  s u r f a c e s .  By us ing  e tched  g l a s s  [27]  and s i l v e r e d  r e f l e c t o r s ,  

t h e  o p t i c a l  e f f i c i e n c y  of a  5x CPC has  been r a i s e d  above 70%, a s  shown i n  

Fig.  15. For t h e  l a t t e r ,  t h e  e f f i c i e n c y  curve i n d i c a t e s  ope ra t i ng  . e f f i c i e n c i e s  

above 50% a t  250°C, making t h i s  nont rack ing  c o l l e c t o r  a  s u i t a b l e  candida te  

f o r  e l e c t r i c  power gene ra t i on  i n  a  t o t a l  energy p l a n t ,  

The s t a t e -o f - the -a r t  c o l l e c t o r s ,  u s i n g  aluminum r e f l e c t o r s  and g l a s s  wi thout  

a n t i r e f l e c t i o n  s u r f a c e  t r ea tmen t ,  have o p t i c a l  e f f i c i e n c i e s  i n  t h e  r a n g e , o f  

55% t o  60%. Thei r  U-values a r e  on t h e  o rde r  of 2/C w/m2 OK where C i s  t h e  
?? 

concen t r a t i on  r a t i o ;  t h e  quoted U-value i nc ludes  h e a t  l o s s e s  from t h e  co l -%,  I . . 

l e c t o r  manifold.  The c o l l e c t o r  e f f i c i e n c y  f a c t o r  F ' .  ( i n  t h e  n o t a t i o n  of ! 

Dilffie and Beckman [12] )  i s  b e t t e r ' t h a n  0.95; i n  o t h e r  words, t h e  d i f f e r e n c e  

between f l u i d  and p l a t e  temperature  does n o t  s i g n i f i c a n t l y  reduce t h e  

e f f i c i e n c y .  : T h i s  is  due t o  t h e  combination of vacuum and s e l e c t i v e  coa t ing  * 
i n  c o l l e c t o r s  of t h i s  type.  

. . 

*For t h a t  reason ,  air i s  an e x c e l l e n t  hea t  t r a n s f e r  f l u i d  f.or evacuated 
co l l ec ' t o r s  w i th  s e l e c t i v e  absorbers .  
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F i g .  i 5 .  E f f i z i e n c y  of '  5X CPC. 
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LINEAR CONCENTRATING SOLAR COLLECTORS-- 
CURRENT TECHNOLOGY AND APPLICATIONS* 

James A. Leonard 
' Sandia Laboratories 

Albuquerque,, New h1exico 87185 

ABSTRACT 

This report surveys linear concentrating collector tech- 
nology. Included are fundamentals of the technology; descriptions 
of collectors with particular emphasis on the types tested at 
the DOE/Sandia Midtemperature Solar Systems Test Facility (MSSTF); 
performance test results; problems identified through operating 
experience; cost projections; and a discussion of applications of 1 ,  

linear concentrating and midtemperature solar collectors. 

*This work supported by the US Department of Energy 



Introduction 

The objective of the Dispersed Power Systems Program within 

the Department of Energy's (DOE) Division of Solar Technology is 

to foster research and development for large-scale commercial 

implementation of dispersed solar thermal power systems. This 

comprises irrigation pumping, solar total energy systems, small 

(less than 10 MW) solar electric power plants, and high- 

temperature process heat applications. The word "dispersed" 

distinguishes between applications in which the solar plant is 

locat.ed at the point of use, and centralized (or ut.l.lity) applica- 

tions in which a large solar electric power plant serves a 

gr id-connected, widespread market. 

Sandia Laboratories manages Solar. Total Energy and Irrigation, 

while the Jet Propulsion Laboratory of Pasadena, California, manages 

Small Power Systems Applications. Sandia also has two other closely 

related projects in support of Dispersed Power Systems. These 

are the Application Technology Development (ATD) project and 

the Midtemperature Solar Systems Test Facility (MSSTF). 

The objective of ATD is the development of components and 
subsystems and the generation of technical data. This includes 

materials and process investigations, ,development of operation and 

maintenance (O&M) expertise, and characterization and measurement 

techniques development. 

The primary objective of the MSSTF project is to support the 

application projects of the Dispersed Power Systems Program by: 

1. providing a facility sufficiently versatile Lo be used ac an 

engineering evaluation center or test bed for solar energy 

components and subsystems, 2. providing realistic system design . 

and integration experience, 3. generating performance and cost 

data on components and subsystems, 4. accumulating O&M experience, 

5. developing expertise in the private sector, including "hands 

on" experience, and 6. distributing mechanical, cost, and maintenance 



information gained from the testing to potential developers and 

users of solar energy. 

. . 

The ATE and MSSTF projects together support.the application 

projects of the Dispersed Power Systems Program. Components 

are developed in ATD based on projected requirements of DOE 

or commercial application projects--the real installations in 

the real world.. The MSSTF is utilized as a test bed to evaluate 

these components and to identify, through operating experience, 

areas requiring additional researdh and development. 

A major activity within both the ATD and MSSTF projects is to 

develop and evaluate concentrating solar collectors that are 

efficient at elevated temperatures. Line-focusing collectors 

constitute'the vast majority of concentrators now in service and 
., -: 

the type with which Sandia has the most experience. The rest :b ': . :. . t,. 

. , 

of this report surveys linear concentrating collectors, their "11 .. ,. . ;I-' 

'I. S. 

performance capabilities, cost projections, and applications. . . 

Linear Concentrating Collector Fundamentals _* 

. . 
The fundamental operating concept of all line-focusing solar .<i ,,. , . , .  . . 

. , 
;' 

,.;Y collectors is the same--solar radiation incident on a concentrating :' 
device is concentrated on a receiver through which a heat-transfer 

fluid flows. The. concentrator may be either a reflector or a lens. 

The receiver is usually round tubing or pipe, but some designs 

employ non-round cross sections. Although the heat-transfer fluid 

may be either liquid or gas, no designs using gas are presently 

in field service. 

Except for industrial process heat, all dispersed power system 

applications involve thermodynamic processes and are therefore 

subject to Carnot's laws, suggesting that high temperatures are 

advantageous. These applications will be discussed in more detail 

later in the report. While collectors designed for high-temperature 

operation can be considered for lower temperature applications, 



the reverse may not be true. A geometric concentration factor of 25 

or above is typical of collectors designed for high-temperature 

operation. Many excellent, cost-effective, concentrating collectors 

are marketed in the 10 range, but this discussion is limited to 

collectors designed for operation at temperatures above 235OC. Most 

of these are, in fact, designed for 300°C. Above this temperature 

two materials limitations, heat-transfer fluids and selective absorber 

coatings, presently 'cons train the technology. 

All high-concentration lirie-focusing collectors track the sun 

throughout the day to maintain the sun's image un the receiver. 

Most reflective concentrators track in one axis only because the 

sun's position is critical relative to the cuncen~rator's cross 

section only and need not be normal to the longitudinal axis. 

Collectors may be oriented along an east-west longitudinal axis 

a '  .and track the sun's elevation angle, or along a north-south axis 

and track the sun in azimuth. Lens concentrators differ from 

reflectors in that they must track the sun in 'two axes so that the 

incident solar radiation is normal to the focal plane of the lens. 

Nonnormality in the longitudinal axis reduces focal length and 

correspondingly reduces energy density at the receiver tube. 

~hroughout the t0Li6~ing descripliul~s of callectoro, rcferens~ 

is made to the reflecting surface. Three families of materials-- 

polished metals, metallized, films, and silvered glass--are generally 

employed. 

Polished metals typified by Alcoa's Alzak and Kingston 

Industr ies' King Lux are moderately expensive (dppcoximately 

$20.00/m2) but are very durable, stable over long expvsure Limes, 

are easily procured in sheet form, and can readily be bent and 

fastened to a curved substrate. The specular reflectance character- 

istics of these materials are their luajcrr drawback. Although these 

materials have a total hemispherical reflectance of about 0.85, 

their specular reflectance to a 10 mrad receiving aperture is only 

about 0.70. 



Meta l l i z ed  f i l m s  i n c l u d e  a luminized and s i l v e r e d  Mylar,  Te f lon ,  

and a c r y l i c .  These r e f l e c t o r s  a r e  a v a i l a b l e  under many t r a d e  

names and a  wide p r i c e  range ($0 .75  t o  $3 .00 / f tL  p r o j e c t e d  c o s t  

f o r  high volume p r o d u c t i o n ) .  These m a t e r i a l s  may be used e i t h e r  

a s  f r o n t - s u r f a c e  o r  back-surface  r e f l e c t o r s .  I f  used i n  a  back- 

s u r f a c e  r e f l e c t o r  c o n f i g u r a t i o n ,  t h e  polymeric  f i l m  m u s t  be u l t r a -  

v i o l e t  r e s i s t a n t  a s  a r e  a c r y l i c  o r  Tef lon .  I f  used i n  t h e  f r o n t  

s u r f a c e  c o n f i g u r a t i o n ,  t h e  r e f l e c t i v e  m a t e r i a l  m u s t  be coa t ed  o r  

o t h e r w i s e  p r o t e c t e d  from env i ronmenta l  deg rada t i on .  M e t a l l i z e d  

f i l m s  a r e  f r e q u e n t l y  laminated  t o  a  secondary  f i l m  f o r  s t r e n g t h ,  

toughness ,  o r  backs ide  p r o t e c t i o n  f o r  t h e  m e t a l l i c  s u r f a c e .  . T h e  

f i l m s  may be bonded d i r e c t l y - t o . t h e  c o n c e n t r a t o r  s t r u c t u r e  o r  : 

t o  s h e e t  meta l  f o r  subsequen t  a t t achment  t o  t h e  s t r u c t u r e .  

Major advan tages  of  m e t a l l i z e d  f i l m s  a r e  t h e i r  l i g h t  we igh t ,  

a v a i l a b i l i t y ,  and o p t i c a l  p r o p e r t i e s  which a l l ow  s p e c u l a r  r e f l e c t a n c e  . ' $  

( f o r  m a t e r i a l  p r o p e r l y  a p p l i e d )  t o  approach t h e o r e t i c a l  v a l u e s  ' 

- u 

f o r  aluminum o r  s i l v e r .  Disadvantages  i n c l u d e  t h e  d i f f i c u l t y  

of bonding t h e  f i l m s  t o  a  s u b s t r a t e  w i thou t  "p r i n t - t h rough"  o f  
4 ,  

anomal ies  i n  t h e  bonding a g e n t  o r  s u r f a c e  i r r e g u l a r i t i e s ;  

s u s c e p t i b i l i t y  of t h e  s u r f a c e  t o  damage, both  from windblown p a r t i c l e s  

and from i n a d v e r t e n t  hand l ing  mishaps;  and t h e  d i f f i c u l t y  of  c l e a n i n g  

t h e  polymeric  s u r f a c e .  Cleaning t e chn iques  developed a t  Sandia  

L a b o r a t o r i e s  t o  d a t e  i n d i c a t e  t h a t  any mechanical  c l e a n i n g  method 

cause s  s u r f a c e  s c r a t c h i n g  which r e s u l t s  i n  g r a d u a l l y  worsening 

s p e c u l a r  r e f l e c t a n c e .  Var ious  l i q u i d  s o l v e n t  j e t  methods appear 

s a t i s f a c t o r y  e x c e p t  t h a t  as-washed s p e c u l a r  r e f l e c t a n c e  v a l u e s  

f a l l  below v i r g i n  m a t e r i a l  v a l u e s  by up t o  5 % .  

S i l v e r e d  Glass .  G la s s  m i r r o r s  p robab ly  r e p r e s e n t  t h e  optimum 

i n  performan.ce p o t e n t i a l  f o r  r e f l e c t i v e  c o n c e n t r a t o r s .  High 

q u a l i t y ,  s i l v e r e d  g l a s s  i n  common (2-3 m m )  t h i c k n e s s e s  can be 

r e a d i l y  procured f o r  abou t  $ l / f t 2  i n  f l a t  s h e e t s .  U n f o r t u n a t e l y ,  

f l a t  s h e e t s  a r e  n o t  of i n t e r e s t  t o  t h e  d e s i g n e r s  of  s o l a r  concen- 

t r a t o r s  e x c e p t  f o r  t hose  concep t s  which employ r e l a t i v e l y  sma l l  f l a t  

f a c e t s  such a s  t h e  Fixed Mirror  S o l a r  C o l l e c t o r ,  d i s c u s s e d  below. 



G l a s s  of common t h i c k n e s s  can be bent  on ly  t o  ve ry  l a r g e  r a d i i  

which a r e  a p p l i c a b l e  t o  c e n t r a l  r e c e i v e r  a p p l i c a t i o n s  b u t  n o t  t o  

d i s t r i b u t e d  c o l l e c t o r s .  G la s s  c a n - b e  sagged t o  any shape ( i n c l u d i n g  

compound) a s  i n  w i n d s h i e l d s  and t e l e s c o p e  m i r r o r s ,  b u t  u n i t  c o s t s  

a r e  h igh  f o r  low q u a n t i t i e s  because of  t a o l i n g  and l abor  c o s t s .  

The au tomat ive  i n d u s t r y  a m o r t i z e s  t o o l i n g  and automated p roduc t i on  

c o s t s  over  m i l l i o n s  of  u n i t s .  

D e s c r i ~ t i o n  of MSSTF 

Most of t h e  l i n e a r  c o n c e n t r a t i n g  c o l l e c t o i s  d e s c r i b e d . h e v e  been 

i n s t a l l e d  and e v a l u a t e d  a t  t h e  MSSTF, e i t h e r  i n  t h e  System Tes t  

F a c i l i t y  (STF) ,  o r  i n  t h e  ~ o l l e b t u r  Module T e s t  F a c i l i t y  (CMTF) .  

The STF ( F i g .  1) c o n s i s t s  of  s o l a r  c o l l e c t o r  f i e l d s ,  high- and 

low-temperature the rmal  s t o r a g e  f a c i l i t i e s ,  an e l e c t r i c a l  power 

g e n e r a t i o n  subsys tem,  a  l i thium-bromide a b s o r p t i o n  a i r  c o n d i t i o n e r ,  

an  i n s t r u m e n t a t i o n  and c o n t r o l  sys tem,  a  weather s t a t i o n ,  and a  

c o o l i n g  tower. The STF can produce  ' 3 2  kWe and abou t  200, kWth.  

A s  an e x e r c i s e  i n  o p e r a t i n g  system' f e a s i b i 1 i t y ; t h i s  energy can 

be s u p p l i e d  t o  a  nearby 1100 m 2  o f f i c e  b u i l d i n g .  The STF emphasizes 

i n v e s t i g a t i o n  o f  t h e  i n t e g r a t i o n  and performance of a r r a y s  ( o r  f i e l d s )  

o f  c o l l e c t o r s ,  and t h e  i n t e r f a c e  t r a d e o f f s  and c o n t r o l  problems 

o f  o p e r a t i n g  a l l  e l emen t s  of  a  s o l a r  energy  p l a n t .  For i n s t a n c e ,  

i n  a d d i t i o n  t o  peak performance t e s t s ,  comprehensive sys tem- leve l  

t e s t s  a r e  conducted .  Some O f  these  a r e  a l l - d a y  e f f i c i e n c y ,  

r e c e i v e r  tube  l o s s e s ,  'vacuum vs .  no-vacuum, sun s enso r  v s .  

computer t r a c k i n g ,  t r a c k i n g  sys tem s e n s i t i v i t y ,  c o n c e n t r a t o r  

s u r f a c e  mapping, au toma t i c  de focus ,  d i r t  e f f e c t s ,  ag ing  e f f e c t s ,  

p a r a s i t i c  power, f l u i d  c o n t r o l  s t r a t e g y  e v a l u a t i u r ~ s ,  eaEly  

morning s t a r t u p ,  p a r a l l e l  c o l l e c t o r  s t r i n g  c o n t r o l ,  and p i p e l i n e  

f i e l d  h e a t  l o s s e s .  

The CMTF ( F i g .  2 )  o b t a i n s  the rmal  and o p t i c a l  performance d a t a  

f o r  p ro to type  c o l l e c t o r s .  Th i s  f a c i l i t y  p r e s e n t l y  i n c o r p o r a t e s  t h r e e  

s e p a r a t e l y  c o n t r o l l e d  f l u i d  l 'oops capab l e  of t e s t i n g  t h r e e  d i f f e r e n t  



FIGURE 1, Midtemperature Solar Systems Test Facility 

collectors simultaneously. The three test stations use Therminol-66 

heat-transfer oil to 315OC, high-pressure water to 330°C and 18.3 MPa, 

and low-pressure water to llO°C and 0.51 MPa. This latter loop is 



being modified t o  provide addi t ional ,  c a p a b i l i t y  t o  t e s t  with heat- 

t r a n s f e r  o i l s  t o  425OC. 

FIGURE 2. Col lec tor  Module Tes t  F a c i l i t y  

The prototype c a l l e c t o r s  t e s t e d  a t  the  CMTF may be procured 

a s  t h e  r e s u l t  of a  DOE-sponsored development con t rac t ;  may be 

purchased s o l e l y  f o r  t h e  purpose of eva lua t ing  them t o  broaden 

t h e  d a t a  base a v a i l a b l e  t o  des igners ;  o r ,  i f  mutual b e n e f i t  can 

be e s t a b l i s h e d ,  may be provided by indus t ry  f o r  t e s t i n g  a t  

government expense. Co l l ec to r s  t e s t e d  during FY78 inc lude  modules 

from Del-Jacobs, FMC, GE,  General ~ t o m i c ,  Hexcel, I t e k ,  McDonnell 

Douglas, S c i e n t i f i c  At lanta ,  Solar  ~ i n e t i c s ,  So l t r ax ,  and Suntec 

Systems. From 3 t o  10 weeks a r e  required t o  complete t e s t i n g  of 

a  c o l l e c t o r  module, depending on the  weather, the  nature of the  

c o l l e c t o r ,  and t h e  complexity of t h e  t e s t  plan.  After  each t e s t ,  
a  r e p o r t  is  i ssued  t o  wide d i s t r i b u t i o n .  These r e p o r t s  a r e  assembled 

i n t o  a  summary r e p o r t  semiannually. 

The primary purpose of a l l  c o l l e c t o r  t e s t s  a t  the CMTF is 
t o  determine t h e  peak performance c a p a b i l i t y  of the  c o l l e c t o r  

module from about 150°C t o  300°C. The c o l l e c t o r s  a r e  c a r e f u l l y  

adjus ted  and cleaned before t e s t i n g  and a r e  t e s t e d  a t  performance 



opt imized flow r a t e s  and a t  near-normal s o l a r  inc idence  ang le s .  

T e s t  sequences a r e  designed t o  minimize degrada t ion .  The 
e f f i c i e n c i e s  t h u s  de r ived  may, t h e r e f o r e ,  be considered t o  be 

upper bounds. Of n e a r l y  equa l  importance a r e  thermal l o s s  t e s t s  

t o  determine the  c a p a b i l i t y  of r e c e i v e r  tube des igns .  A t y p i c a l  

t e s t  s e r i e s  may a l s o  i nc lude  t e s t s  of "secondary" importance 
such a s  a l l -day  e f f i c i e n c y ,  t r a c k i n g  system performance, e f f e c t s  

of tu rbu lence  p lugs ,  d i r t y  vs .  c l e a n  performance, vacuum vs .  no- 
vacuum performance, and v a r i o u s  o t h e r  pa rame t r i c  o r  o f f -des ign  
t e s t s .  

Current  Linear Concentra t ing Co l l ec to r  Technoloqy 

Six  concen t r a t i ng  s o l a r  c o l l e c t o r s  have been eva lua t ed  a t  
t h e  CMTF s i n c e  August 1977, when r e f u r b i s h i n g  and expansion of the  

F a c i l i t y  was completed. Two of t h e s e ,  t h e  SLATS c o l l e c t o r  by 
Suntec  Systems, Inc. and t h e  Fixed Mirror S o l a r  C o l l e c t o r  by 
t h e  General  Atomic Co. ( d ~ )  were p r o t o t y p e s  of c o l l e c t o r  f i e l d  
subsystems being designed and f a b r i c a t e d  f o r  i n s t a l l a t i o n  i n  
t h e  Systems Tes t  F a c i l i t y .  Three others--a p a r a b o l i c  t rough 
by t h e  Hexcel Corporat ion,  a p a r a b o l i c  t rough by S o l a r  K i n e t i c s ,  

Inc . ,  and a  f i x e d  mir ror  c o l l e c t o r  by S c i e n t i f i c  Atlanta--were 
purchased a s  t he  r e s u l t  of a  compe t i t i ve  procurement t o  buy 
c o l l e c t o r s  f o r  e v a l u a t i o n .  The s i x t h  c o l l e c t o r  was a ' l i n e - f o c u s i n g  
F re sne l  l e n s  c o l l e c t o r  by McDonnell Douglas As t ronau t i c s  Company 

(MDAC). ' Ihis c o l l e c t o r  module was f a b r i c a t e d  as t h e  end- 
item of a  complete development c o n t r a c t  awarded MDAC t o  des ign ,  
ana lyze ,  b u i l d ,  and t e s t  t h e i r  Fresne l  l e n s  c o l l e c t o r  concept .  
The Suntec SLATS co lLec tor  was t e s t e d  on t h e  high-pressure  water  
loop,  whi le  t h e  o t h e r  f i v e  modules a l l  employ Therminol-66 a s  a  
h e a t - t r a n s f e r  f l u i d  and were t e s t e d  accord ing ly .  

The General Atomic Fixed Mirror So la r  ~ o l l e c t o r l  (FMSC) employs 
a  p r e c i s i o n  c a s t  c o n c r e t e  base conf igured  of  5-cm l o n g i t u d i n a l  
f a c e t s  arranged a long  a  c i r c u l a r  c r o s s  s e c t i o n  (Fig .  3 ) .  S i l v e r e d  

g l a s s  s t r i p s  are  bonded t u  t h e  f a c e t s .  The c o n c r e t e  base is 7 .2  m 



l ong  and has  an  a p e r t u r e  width of 2.6 m. Re f l ec t ed  s o l a r  r a d i a t i o n  

forms a f o c a l  l i n e  above t h e  c o n c e n t r a t o r ;  t h i s  l i n e  moves on a 
c i r c u l a r  a r c  w i t h  t h e  sun. A movable overhead r e c e i v e r  fo l lows  t h i s  

F IGURE 3. General  Atomic Fixed Mirror  So la r  C o l l e c t o r  

f o c a l  l i n e  throughoclt t h e  day. The receiver assembly c o n a i s t ~  
of  f l a t t e n e d  s t e e l  tub ing .  The r e c e i v e r  is e l e c t r o p l a t e d  wi th  

b lack  chrome, a l l s e l e c t i v e "  a b s o r p t i v e  c o a t i n g  which has  high 
absorp tance  over t h e  s o l a r  spectrum b u t  Tow emi t t ance  t o  minimize 

r a d i a t i o n  l o s s e s .  On t h e  back s i d e  t h e  tube  is i n s u l a t e d  wi th  
Microtherm, a s i l i c a - foam i n s u l a t i o n .  The r e c e i v e r  f e a t u r e s  a 

p o l i s h e d  aluminum secondary concen t r a to r  extruded t o  a compound 
p a r a b o l i c  shape.  A t  t h e  base of t h e  secondary concen t r a to r  is 

a Tef lon  window t o  reduce convec t ive  l o s s e s .  



The Hexcel Corporat ion h a s  developed a p a r a b o l i c  t rough 
c o l l e c t o r 2  which f e a t u r e s  aluminum honeycomb concen t r a to r  

s t r u c t u r e s  (F ig .  4 ) .  The module t e s t e d  a t  Sandia Labora to r i e s  

h a s  an aluminized a c r y l i c  f i l m ,  r e f l e c t i v e  s u r f a c e  of FEK-163, and 
an  adhesive-backed produc t  developed by t h e  3M Company f o r  s o l a r  

a p p l i c a t i o n .  The concen t r a to r  is  7.7 m long w i t h  an a p e r t u r e  of 
2.6 m and a rim ang le  of about  70° .  The-collector is o r i e n t e d  
eas t -west .  The honeycomb s t r u c t u r e  is hinged a t  t h e  l o n g i t u d i n a l  
a x i s  of t h e  c o l l e c t o r  t o  permit  some adjustment  of  t h e  image a f t e r  
i n s t a l l a t i o n .  The r e c e i v e r  tube  is a black-chromecoated s teel  pipe.  
The unil lurninated s i d e  of t he  r e c e i v e r  is i n s u l a t e d  by a double  
w a l l  c y l i n d r i c a l  s teel  assembly f i l l e d  wi th  bulk i n s u l a t i o n .  On 

t h e  absorbing s i d e  of  t h e  r e c e i v e r  a non-evacuated g l a s s  semi c y l i n d e r  



< 
i n t e r f a c e s  w i t h  t h e  s teel  i n s u l a t i n g  j a c k e t  t o  minimize convec t i ve  

l o s s e s .  About 450 m 2  o f  an  ear l ier  v e r s i o n  o f  t h e  Hexcel c o l l e c t o r  
w a s  i n s t a l l e d  a t  G i l a  Bend, Ar izona,  i n  1977 i n  a  s o l a r  i r r i g a t i o n  
p r o j e c t  p r i v a t e l y  funded by Northwest  Mutual L i f e  I n su rance  Company. 

The McDonnell Douglas F r e s n e l  l e n s  c o l l e c t o r 3  is a  p r o t o t y p e  
o f  a  module which w i l l  be deployed i n  a much l a r g e r  s ize--perhaps 
up  t o  100 m2. The model t e s t e d  a t  Sand ia  (F ig .  5 )  c o n s i s t s  o f  
a n  aluminum box-shaped s t r u c t u r e  5.9 m.x 3.6 m x  1.1 m deep.  
The upper s u r f a c e  o f  t h e  s t r u c t u r e  s u p p o r t s  four rows of  cast- 
a c r y l i c  l i n e - f o c u s i n g  Preone l  l e n s e s .  These l e n s e s  fnnes s o l a r  
r a d i a t i o n  on f o u r  rows of  s e r i e s - connec t ed  r e c e i v e r  t u b e s  mounted 
i n  t h e  base  o f  t h e  s t r u c t u r e .  The r e c e i v e r  t u b e s  a r e  black-chrome- 
c o a t e d  s tee1 p i p e s  i n s u l a t e d  on t h e  under-side by f i b e r - g l a s s  encased 
i n  g l a s s  c l o t h  "p i l lows ."  On t h e  i l l u m i n a t e d  s i d e  the r e c e i v e r  

FIGURE 5. MDAC L inear  F r e s n e l  Lens C o l l e c t o r  



tube  is housed i n  a  po l i shed  s t a i n l e s s - s t e e l  secondary concen t r a to r .  
A f l a t  g l a s s  cover is a l s o  supported by t h e  secondary concen t r a to r  
and minimizes convec t ive  l o s s e s .  The c o l l e c t o r  t r a c k s  t h e  sun i n  
two axes .  A s ing le -pos t  pylon mount s i m i l a r  t o  t h a t  des igned by 
MDAC f o r  t h e i r  h e l i o s t a t  suppor t s  t he  c o l l e c t o r .  The c a s t  a c r y l i c  
l e n s e s  were developed and f a b r i c a t e d  by Swedlow, Inc.  

S c i e n t i f i c  A t l an t a  has  adopted a  d i f f e r e n t  manufacturing 
approach t o  t h e  Fixed Mirror So la r  Co l l ec to r  (F ig .  6 ) .  Whereas 
General  Atomic bonds t h e i r  mi r ror  s t r i p s  t o  conc re t e  bases ,  t h e  

S c i e n t i f i c  A t l an t a  c o l l e c t o r  s t r u c t u r e  is a  stamped and r i v e t e d  
s h e e t  metal  assembly s t i f f e n e d  by braces .  The mir ror  f a c e t s  a r e  
s i l v e r e d  g l a s s  s t r i p s  7.6 c m  wide and 75.6 cm long.  T h e s e . g l a s s  
s t r i p s  a r e  a t t ached  t o  t h e  s t r u c t u r e  by s p r i n g  c l i p s .  The module 
t e s t e d  a t  Sandia is 9 .1  m long and h a s  an a p e r t u r e  2.1 m wide. 
The c o l l e c t o r  is  o r i e n t e d  eas t -west .  The r e c e i v e r  is of the l i n e  

, 
c a v i t y  type  t y p i c a l  of  low rim ang le  c o l l e c t o r s ,  A f l a t  bank , 

of  seven 1.0-cm-diameter black-chrome-coated tubes  is i n s t a l l e 4  
i n  a  sheet-metal  housing.  The r e c e i v e r  a p e r t u r e  is g l azed  wi th  
f l a t  low-iron g l a s s  i n s t a l l e d  a t  t h e  base of a c o n i c a l  secondary 
concen t r a to r .  The un i l lumina ted  s i d e  of t h e  r e c e i v e r  is i n s u l a t e d  
t o  minimize thermal l o s s e s .  

So la r  K i n e t i c s ,  Inc . ,  ha s  a l s o  developed a  p a r a b o l i c  t rough 
s o l a r  c ~ l l e c t o r . ~  The concen t r a to r  has  a  1 .3  m a p e r t u r e ,  is 6 . 1  m 
i n  l e n g t h ,  and has  a  90' rim ang le  (F ig .  7 ) .  A two-row a r r a y  o f  
fou r  such c o l l e c t o r s  o r i e n t e d  eas t -west  formed t h e  c o n f i g u r a t i o n  
t e s t e d  a t  Sandia. The concen t r a to r  s t r u c t u r e  is formed of  c a s t  
aluminum r i b s  t o  which aluminum s h e e t  s t a c k  is r i v e t e d .  The 

r e f l e c t i v e  s u r f a c e  is FEK-244 aluminized a c r y l i c  f i l m ,  a  l a t e r  
gene ra t ion  ve r s ion  of FEK-163 by 3M Company. The r e c e i v e r  tube is 

black-chrome coa ted  steel tubing enc losed  i n  a  s e a l e d  b o r o s i l i c a t e  
g l a s s  tube.  The g l a s s  s e a l  is  formed by s i l i c o n e  0 r i n g s  t h a t  make 
it  e a s i e r  t o  remove o r  r e p l a c e  t h e  g l a s s  j a c k e t .  An evacua t ion  
p o r t  and va lve  were incorpora ted  on each r e c e i v e r  s o  t h a t  vacuum 
e f f e c t s  t e s t s  could be conducted. For exper imenta l  purposes ,  a  



FIGURE 6 .  S c i e n t i f i c  A t l a n t a  Faceted Fixed Mirror C o l l e c t o r  
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The SLATS c o l l e c t o r 5  by Suntec Systems, Inc . ,  f e a t u r e s  a  
F re sne l  r e f l e c t o r  c o n s i s t i n g  of movable l o n g i t u d i n a l  f a c e t s  ( s l a t s )  
o r  curved s i l v e r e d  g l a s s  (F ig .  8 ) .  The module tasted a t  t h ~  CMTF 

was 3.5 m wide by 12.5 m long and c o n s i s t e d  of two bays of 1 0  such 
s l a t s  each 30 c m  wide and 3. m long.  The i n d i v i d u a l  s l a t s  a r e  
each s e t  a t  t h e  proper  ang le  a t  i n s t a l l a t i o n  and a r e  l i n k e d  



FIGURE 8. Suntec SLATS Collector 

mechanically t o  a drive bar so that  the s u n ' s  reflected image can 
be continuously focused on a fixed overhead receiver. The bank of 
s l a t s  are t i l t e d  southward a t  about the la t i tude  angle although 
t h i s  tilt can be varied for application tailoring. The s l a t s  can 
be rotated downward when not i n  operation. T h i s  can be an important 
feature to  prevent ha i l  damage and reduce snow, f t o s t ,  and d u s t  

e f fec ts .  The line-cavity type receiver consists of two para l le l  
s t e e l  pipes which are  black-chrome-coated and are configured i n  
a counterflow (down and back) arrangement. The tubes are housed 
i n  an insulated strongback s tructure and l i e  behind a 10-cm glass  

aperture. 

A summary of collector character is t ics  is presented i n  Table 1. 

CMTF Test Results 

Comparative performance. data for the above collectors6 are  
presented i n  F igs .  9 and 10.  Figure 9 shows peak efficiency versus 
receiver out le t  temperature. Figure 1 0  shows thermal loss  for each 
receiver as  a function of collector aperture. Receiver thermal 



Table 1. Collector Charac te r i s t i c s  

A p r t u r e  Secondary Wceiver Focal 
Arsa Aperture 

Geometric 
Length Length Concentration Reflector 

Collector m m m cm mtio Surface 

General 16.26 13.3 7.16 302.0 43 :1 
A t o m i c  

Hexcel 15.91 - 6.40 91.4 67:l 

M c D O M ~ ~ ~  15.54 7.80 17.34 92.7 24:l 
Douglas 

Solar 12.7 -- 12.20 26.7 41 :1 
Kinetics 

S c i e n t i f i c  18.75 13.3 9.10 248.9 28 :1 
Atlanta 

Sun tec 35.97 - 12.20 305.0 35 : 1 

Silvered Glass 

FEK-163 
Acrylic 

Cast  Acrylic 
Fresnel Lens 

FEK-244 
Acrylic 

Si lvered Glass 

Si lvered Glass 

. 
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Fl(;UKE 9. Compar i son  o f  Peak E t t i c i e n c y  v s .  T e m p e r a t u r e  
f o r  S e v e r a l  C o n c e n t r a t i n g  C o l l e c t o r s  
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FIGURE 10. Comparision of Receiver Thermal Losses 

for Several Cancentrating Collectors 

loss data is not independent of design and cannot be compared as 

directly as collector efficiency data. Nevertheless, useful 

information can be provided if the results are not taken out of 

context. 

Although efficiency at 310°C ranges between 34 and 56%, 

performance is only-one of three primary parameters to be considered 

by designers of solar applications. The other two are procurement/ 

installation cost and long-term ObM and repair costs. Also every 

collector has unique keatures which may make it preferable for 

specific applications. Test engineers and designers from each 

company participated in their test series and without exception each 

identified areas for design improvements and cost reductions. 



STF C o l l e c t o r s  

A t  t h e  System T e s t  F a c i l i t y ,  an  a r r a y  of p a r a b o l i c  t rough 

c o l l e c t o r s ,  designed and i n s t a l l e d  by Sandia ,  has  been i n  o p e r a t i o n  

s i n c e  December 1975. Figure  11 is a  view of two of t h e  s t r i n g s  

of p a r a b o l i c  t rough c o l l e c t o r s  a t  t h e  STF. The concen t r a to r  is a  

2.7 x  3.7 m marine plywood s t r u c t u r e  wi th  a  r e f l e c t i v e  s u r f a c e  

\ c o n s i s t i n g  of aluminized Tef lon bonded t o  aluminum s h e e t .  Five  

modules a r e  ganged t o  form an 1 8  m s t r i n g  through which t h e  heat-  

t r a n s f e r  f l u i d ,  Therminol-66, f lows  i n  s e r i e s  and which o p e r a t e s  

wi th  a  s i n g l e  t r a c k i n g  and d r i v e  system. The r e c e i v e r  tubes ,  

carbon steel p ipe  wi th  black chrome s e l e c t i v e  c o a t i n g ,  a r e  j acke t ed  

i n  an evacuated g l a s s  envelope. The 200 m2 c o l l e c t o r  f i e l d  is 

arranged i n  eas t -west  h o r i z o n t a l  s t r i n g s .  The o u t p u t  temperature  

Considerable  d a t a  have been accumulated f o r  t h i s  system, bo th  

i n  performance t e s t i n g  and i n  O&M exper ience.  7,8,9 ~ a r L y  perfdrmance 

measurements of t h e  c o l l e c t o r  f i e l d  i n d i c a t e d  peak noon-time 

e f f i c i e n c i e s  of s l i g h t l y  more than  50% a t  310°C (F ig .  1 2 ) .  
. I  

FIGURE 11. Sandia P a r a b o l i c  Trouyh C o l l e c t o r  F i e l d  

6 1 
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FIGURE 1 2 .  Peak Eff ic iency vs. Temperature t o r  Sandia 
Parabol ic  Trough Col lec tor  Field 

Since its i n i t i a l  opera t ion  the  c o l l e c t o r  f i e l d  has  accumulated 
more than 2000 hours of opera t ion  a t  high temperature. Peak e f f i c i e n c y  
over t h i s  t i m e  has  degraded t o  s l i g h t l y  under 40% a t  310°C. ' The major 

causes  of t h i s  degradat ion a r e  l o s s  of specular  r e f l e c t a n c e  i n  the  
mir ror  su r faces ,  l o s s  of absorptance i n  the  black chrome s e l e c t i v e  
s u r f a c e  on t h e  r ece ive r  tubes,  and moderate warping of the  concen- 
t r a t o r  s t r u c t u r e ,  which has r e s u l t e d  i n  i n c r e a s i ~ ~ y  surface s lope  

e r r o r s .  

The aluminized Terlon mirror  gurface is d i f f i c u l t  t o  maintain 
i n  near-new condi t ion .  Cleaning is a problem because the s o f t n e s s  

of t h e  Teflon su r face  prec ludes  mechanical c leaning  techniques. 
Also, t h e  f i l m  is e a s i l y  damaged and any unrepaired su r face  break 
develops rapid  environmental degradation. Aluminized a c r y l i c  f i lms  
a r e  somewhat more durable .  Sandia, Honeywell Corporation, MDAC, 

and o t h e r s  a r e  conducting outdoor aging t e s t s  t o  determine long-term 
degradat ion of a v a r i e t y  of r e f l e c t i v e  mhte r i a l s .  



The black chrome s e l e c t i v e  c o a t i n g  degrades  a t  t empera tures  near  
300°C. Absorptance l o s s e s  o f  10-128 w i t h i n  a f e w  hundred hours  o f  
high-temperature o p e r a t i o n  have been observed i n  t h e  Sandia  c o l l e c t o r s  
a s  we l l  a s  those  of s e v e r a l  o t h e r  f i rms .  l o t 6  Absorptance does  seem 
t o  s t a b i l i z e  a f t e r  t he  i n i t i a l  pe r iod  - of degrada t ion .  

Both problems a r e  being addressed w i t h i n  t h e  m a t e r i a l s  and 
p roces ses  t a s k  of Appl ica t ion  Technology Development P r o j e c t .  Thin 
g l a s s  and sagged g l a s s  p roces s  developments a r e  being pursued s o  
t h a t  s i l v e r e d  g l a s s  can economically be app l i ed  t o  p a r a b o l i c  s u r f a c e s .  
Black chrome p roces s  c o n t r o l  s t u d i e s  are b e h g  conducted t o  de te rmine  
t h e  s e n s i t i v i t y  of e l e c t r o p l a t i n g  p roces s  parameters  r e l a t i v e  t o  
high-temperature s t a b i l i t y .  

Other i n s i g h t s  gained a s  a r e s u l t  of c o l l e c t o r  f i e l d  o p e r a t i n g  
exper ience  a r e  a s  fo l lows:  i .;i 

; & 

Ear ly  morning s ta r tup- -Get t ing  a s o l a r  p l a n t  t o  s t e a d p - s t a t e  <: 
design- temperature  o p e r a t i o n  rap. id ly  each day is v i t a l .  For a g iven  . 

d a i l y  demand, t h e  c o l l e c t o r  f i e l d  s i z e  is i n v e r s e l y  p r o p o r t i o n a l  t o  8 

t h e  number of hau r s  i t  can be opera ted  a t  r a t e d  ou tpu t .  F a c t o r s  : q 
-. 9 5  

I '  

which d e l a y  s t a r t - u p  a r e  t h e  h e a t  c a p a c i t y  of t h e  p i p e l i n e s ,  :. $ 
L S  

i n s u l a t i o n ,  and r e c e i v e r  tube  w a l l s .  Addkng t o  t h e  d i f f i c u l t y  is  . - fi%< 

t h e  v i s c o s i t y  of  most h e a t - t r a n s f e r  o i l s  (Therminol-66,for i n s t a n c e )  
when co ld .  

Tracking and Drive--Computerized t r a c k i n g  may be s u p e r i o r  t o  
systems based on sun sens ing .  A t h i r d  method, which invo lves  s ens ing  
t h e  energy d i s t r i b u t i o n  a t  t h e  r e c e i v e r  and bending e r r o r  s i g n a l s  
t o  maximize t h e  f l u x  i n c i d e n t  on t h e  receiver , . . shows promise. Drive 
t r a i n  des ign  and motor s e l e c t i o n  a r e  a r e a s  i n  which.a  wide v a r i e t y '  

of des igns  ( o f t e n  bad) a r e  seen.  Care must be e x e r c i s e d  i n  des ign  
t o  ach ieve  s imple ,  low-cost-mechanical  des igns  and t o  d e v i s e  c o n t r o l  
s t r a t e g i e s  and s e l e c t  d r i v e  motors which minimize p a r a s i t i c  power 
demands. 



Addi t iona l  C o l l e c t o r s  Under Development 

The A A I  Corpora t ion ,  of  Bal t imore ,  Maryland, has  developed a  
f i x e d  m i r r o r ,  movable r e c e i v e r  c o n c e n t r a t i n g  c o l l e c t o r  f o r  which 
t h e y  v i s u a l i z e  r o o f t o p  o r  o t h e r  space l i m i t e d  a p p l i c a t i o n s .  The 
c o l l e c t o r ,  c a l l e d  t h e  Modular So la r  Roof because it is intended t o  
s e r v e  a s  t h e  roof  of a  b u i l d i n g ,  f e a t u r e s  a  foam aluminum concen t r a to r  
s t r u c t u r e  of p a r a b o l i c  c r o s s  s e c t i o n .  The concen t r a to r  s t r u c t u r e  is  
faced  wi th  aluminum s h e e t  and 5-cm s i l v e r e d  g l a s s  s t r i p s  a r e  bonded 
t o  it. The movable overhead r e c e i v e r  has  two 2-cm copper t u b e s  wi th  . 
mechanica l ly  s e l e c t i v e  absorb ing  s u r f a c e s .  The tubes  a r e  i n s t a l l e d  
i n  an i n s u l a t e d  channel  s t r u c t u r e  w i t h  a  tempered g l a s s  a p e r t u r e .  
An a r r a y  o f  16  such modules each  2 - 4  x  9.7 m a re  p r e s e n t l y  i n  
o p e r a t i o n  on t h e  roof of an o f f i c e  b u i l d i n g  i n  Disneyworld where 
t hey  a r e  p r i m a r i l y  used t o  d r i v e  an  a b s o r p t i o n  c h i l l e r  p l u s  a  modest 
w i n t e r  h e a t i n g  load.  

A A I  has  a l s o  developed a l i n e a r  concen t r a to r  of t h e  movable- 
m i r r o r ,  f i xed - r ece ive r  type .  The b a s i c  module is 2.7 x  10.7 m and 
c o n t a i n s  3 2  s i l v e r e d  g l a s s  s l a t s ,  each a r e  30 x  244  cm. The overhead 
r e c e i v e r  c o n s i s t s  of a  black-chrome-coated p ipe  i n s t a l l e d  i n  an 
i n s u l a t e d  channel .  A cover g l a s s  and a  secondary concen t r a to r  can 
be  a p p l i e d  or l e f t  o f f  depending on t h e  temperature  requirements  of 
t h e  a p p l i c a t i o n .  The bank of m i r r o r s  can be t i l t e d  t o  tfie sou th  o r  
l e f t  f l a t  depending on t h e  a p p l i c a t i o n .  A f i e l d  of such c o l l e c t o r s  
h a s  been i n s t a l l e d  a t  a c o n c r e t e  block p l a n t  i n  Har r i sburg ,  
Pennsylvania ,  under a DOE s o l a r  p roces s  h e a t  c o n t r a c t .  Also, t h i s  
c o l l e c t o r  is being modif ied f o r  use a s  a  water-cooled p h o t o v o l t a i c  
c o n c e n t r a t o r .  An a r r a y  of t h e s e  c o l l e c t o r s  w i l l  be i n s t a l l e d  a t  
a  h o s p i t a l  i n  P u e r t o  Rico under a r e c e n t l y  awarded DOE c u n t r a c t .  

Acurex-Aerotherm has  a l s o  developed a  p a r a b o l i c  t rough s o l a r  
c o l l e c t o r .  A f i e l d  of t h e s e  c o l l e c t o r s  was i n s t a l l e d  i n  1977 a t  
t h e  DOE/New Mexico S o l a r  I r r i g a t i o n  Experiment i n  Wi l l a rd ,  N e w  Mexico 
(F ig .  1 3 ) .  Acurex is a l s o  t h e  prime c o n t r a c t o r  f o r  t h e  Deep-Well 

I r r i g a t i o n  Experiment a t  Coolidge,  Arizona, which  w i l l  be o p e r a t i o n a l  



FIGURE 13. Shallow Well Solar Irrigation Experiment at 

Willard, New Mexico--Acurex Collectors 

in 1979. In addition, Acurex has recently completed a solar process 

heat installation at a Campbell's Soup plant in Sacramento, California, 

and will soon be starting a 500-kW distributed collector solar power 

plant in Spain for the IEA, For the Willard irrigation experiment, 

the collector field is 625 m2 and consists of 112 collector modules 

operating as 14 strings of 8 modules each. The 90° rim angle modules 

are 1.85 x 3 m in aperture, use Alzak structurally and as the 
reflective surface, and have a black-chrome-coated, glass-jacketed, 

non evacuated receiver assembly. The field is arranged in horizontal, 

north-south raws. The collector field vutlet temperature is 215OC. 

An advanced, higher temperature version of this collector is being 

designed for the deep-well experiment. A prototype of this collector 

will be tested at the CMTF in the autumn of 1978. 



Del-Jacobs h a s  developed,  under c o n t r a c t  t o  Sandia ,  a  smal l  

p a r a b o l i c  t rough  c o l l e c t o r  f e a t u r i n g  sagged s i l v e r e d  g l a s s  supported 
by a s t r u c t u r e  of s t r i n g e r 6  and sheet-metal  r i b s .  The concen t r a to r  
module i s  60 c m  wide by 240 cm long.  The non evacua ted ,  b u t  s e a l e d  
and d e s i c c a t e d ,  r e c e i v e r  tube  is black-chrome-coated and g l a s s -  
j acke t ed .  T h i s  c o l l e c t o r  is designed f o r  h igh-pressure  water  a t  
3106C. An a r r a y  of  e i g h t  such c o l l e c t o r s  i n  two p a r a l l e l  rows 
(11.5  m 2 )  w i l l  be t e s t e d  a t  t h e  CMTF du r ing  t h e  summer of 1978. 

FMC Corporat ion has a l s o  developedz under c o n t r a c t  t o  Sandia ,  a  
nove l  c o l l e c t o r  which f e a t u r e s  a movable s t a i n l e s s - s t e e l  b e l t  
c o n t a i n i n g  a f a c e t e d  s i l v e r e d - g l a s s  F re sne l  mi r ro r  embedded i n  a 
p l i a b l e  adhesive .  T h i s  concept u t i l i z e s  handl ing equipment 
technology i n  which FMC h a s  e x p e r t i s e ,  The concen t r a to r  has  two 
d e g r e e s  of  freedom, one being a southward tilt of t h e  e n t i r e  
c o l l e c t o r  and t h e  o t h e r  an azimuth t r a c k  achieved by moving t h e  

F r e s n e l  b e l t  a long  a se t  of r o l l e r s  and t r a c k s .  A f i x e d  overhead 
r e c e i v e r  tube abso rbs  t h e  concen t r a t ed  s o l a r  r a d i a t i o n  from t h e  
mi r ro r .  A small model of t h i s  system has  been d e l i v e r e d  t o  Sandia 
and w i l l  be t e s t e d  a t  t h e  CMTF du r ing  t h e  summer of 1978. 

Honeywell, Inc . ,  h a s  long been a c t i v e  i n  s o l a r  energy develop- 
ment. Their  work h a s  touched on n e a r l y  a l l  a s p e c t s  of m a t e r i a l  
development and c o l l e c t o r  des ign - - f l a t  p l a t e s ,  t roughs ,  d i s h  
c o l L e c t o r s  and c e n t r a l  r e c e i v e r s .  One of t h e i r  e a r l y  des igns ,  
a 120° rim ang le  parabolic t rough ,  was f i r s t  p l a ~ e d  on test a t  
Dese r t  Sunshine Exposure Tes t  i n  1974. The r e c e i v e r  h a s  a s e l e c t i v e  
c o a t i n g  and a g l a s s  j acke t .  A more r e c e n t  design1' f e a t u r e s  a 
concen t r a to r  c o n s i s t i n g  of one-half of a parabola  cons t ruc t ed  of 
aluminum honeycomb. The r e f l e c t i v e  s u r f a c e  is aluminized a c r y l i c  
f i l m .  The s e l e c t i v e l y  coa ted  r e c e i v e r  tube  is mounted i n  an 
i n s u l a t e d  metal  housing wi th  a g l a s s  window a t  t h e  r e c e i v e r  a p e r t u r e .  
The b a s i c  module h a s  a n  a p e r t u r e  1.3 m wide hy 6 m long. A 1900 m2 
a r r a y  of t h e s e  c o l l e c t o r s  is being i n s t a l l e d  on t h e  roof  o f  
Honeywell's World Headquar ters  Bui lding i n  Minneapolis ,  Minnesota. 
They w i l l  s e r v e  t h e  h e a t i n g  and coo l ing  l o a d s  of t h e  bu i ld ing .  



The Po l i so la r  Company of Switzerland has  so ld  Sandia nor th-south 

t i l t e d  parabol ic  trough c o l l e c t o r s ~ f o r  eva lua t ion  a t  the CMTF l a t e  

i n  1978. The 21.9-m2 system t o  be t e s t e d  c o n s i s t s  of a  bank of 1 2  

c o l l e c t o r s ,  each 0.57 m x 3.2 m. The parabol ic  troughs a r e  of sheet-  

metal cons t ruc t ion  and have a  rim angle of 1 2 0 ° .  They a r e  i n s t a l l e d  

i n  a  support  frame i n  groups of s i x  modules w i t h  common t racking  and 

d r i v e  hardware. The r e f l e c t i v e  su r face  is  sagged s i l v e r e d  g l a s s .  

The parabol ic  troughs r o t a t e  about a  s t a t i o n a r y  rece iver  tube . -  

The rece iver  tube is g l a s s  jacketed b u t  non evacuated. A s e l e c t i v e  

absorpt ive  coat ing is appl ied .  Fluid flow through the system i s  

i n  se r i e s - - s ing le  pass  through each c o l l e c t o r .  

Col lector  Costs 

Prec ise  c o s t s ,  p a r t i c u l a r l y  pro jec ted  c o s t  e s t ima tes  based 

. on assumptions of mass pr<oduction and the  accumulation of production 
\ 

experience,  a r e  d i f f i c u l t  t o  address.  

The near-term, mid-1980 goa l s  i n  the  na t iona l  program f o r  

s o l a r  t o t a l  energy and small power systems a r e  $1000/kW ( e + t h )  

and $1500/kWe (1976 d o l l a r s ) ,  r e spec t ive ly ,  per i n s t a l l e d  k i lowat t  

of peak power. Solar  i n s t a l l a t i o n s  a t  t h a t  c o s t  should be reasonably 

competit ive;  and w i t h  moderate f e d e r a l  incen t ives ,  the  commercializa- 

t i o n  of these s o l a r  energy a p p l i c a t i o n s  can become r e a l i t y .  These 

g o a l s  imply a  c o l l e c t o r  c o s t  of about $75/m2. 

Current ly ,  seve ra l  companies a r e  o f f e r i n g  f ixed-price 

quota t ions  of $160 t o  $230/mL no t  including i n s t a l l a t i o n  fo r  l i n e  

focusing c o l l e c t o r s  i n  .the 300°C performance range. 

A recent  study12 on c o l l e c t o r  eva lua t ion  techniques developed 

a  q u a n t i f i a b l e  f e a t u r e , l i s t  and a  f i g u r e  of m e r i t . .  Contacts w i t h  

more than 30 companies were made and about 20 responses tabula ted .  

The elements of the  f i g u r e  of mer i t  include annual performance and 

i n s t a l l e d  cos t .  A very i n t e r e s t i n g  u n i t  c a l l e d  a  ma te r i a l s  f i g u r e  

of mer i t  was a l s o  developed. The 'ma te r i a l s  ' f igure of mer i t  is  based 



on performance and m a t e r i a l s  c o s t  only.  T h i s  i s  a  most s i g n i f i c a n t  

u n i t  because i t  s e t s  a  lower bound on mass-produced c o s t s  and 

proper ly  suggests  the powerful inf luence of l ightweight  low-cost 

m a t e r i a l s  on production c o s t s .  Recall the well-known (and poss ib ly  

overused)  r u l e  of thumb t h a t  mass produced machinery such a s  c a r s  

and major appl iances  c o s t  $1.50 per pound. T h i s  study resu l t ed  i n  

p r o j e c t i o n s  of t o t a l  c o s t s  which ranged between $150 and $220/m2 

including i n s t a l l a t i o n ,  foundat ions,  and interconnect ing p i p e l i n e s .  

The m a t e r i a l s  c o s t  p r o j e c t i o n s  ranged between $ 3 8  and $70/m2.  

Applicat ions 

A n  aggress ive ,  appl ica t ion-or iented  s t r a t e g y  i s  being implemented 

w i t h i n  the  Dispersed Power Systems Program t o  push s o l a r  technology, 

ga in  publ ic  acceptance,  and d i s p l a c e  s i g n i f i c a n t  q u a n t i t i e s  of 

conventional energy a s  r ap id ly  a s  possibl ,e .  I n  each subprogram a  

s e r i e s  of DOE-funded system experiments is under way. These w i l l  

s e rve  t o  bui ld p r iva te - sec to r  e x p e r t i s e ,  i d e n t i f y  t echn ica l  and 

i n s t i t u t i o n a l  problems, and accumulate long-term performance da ta  

and O&M experience.  

Two Solar  Total  Energy Large Scale  Experiments a r e  i n  prel.imi- 

nary design.  The f i r s t  LSE is t o  provide e l e c t r i c a l  power and thermal 

energy t o  a  t roop housing complex a t  F t .  Hood, Texas. Westinghouse 

E l e c t r i c  Corporation has se lec ted  a  f i e l d  of l ine-focusing parabol ic  

trough c o l l e c t o r s  which w i l l  opera te  a t  an o u t l e t  temperature of 

260°C t o  d r i v e  a  steam tu rb ine .  The second LSE i s  f o r  a  knitwear 

f a c t o r y  i n  Shenandoah, Georgia. General E l e c t r i c  has se lec ted  a 
d i s t r i b u t e d  f i e l d  of two-axis t racking ,  point-focusing parabol ic  

d i s h  c o l l e c t o r s  which w i l l  e l e v a t e  the temperature of a  hea t - t ransfer  

f l u i d  t o  300°C or 400°C to, d r i v e  a  steam tu rb ine .  Strong cons idera t ion  

i s  being given t o  cons t ruc t ing  i n  the near f u t u r e  an LSE which f e a t u r e s  

a  small  c e n t r a l  r e c e i v e r .  

The two s o l a r  i r r i g a t i o n  p r o j e c t s  i n  Willard,  New Mexico, and 

Coolidge, Arizona, have been discussed previously.  The shallow-well 



experiment a t  Willard i s  being expanded i n  1978 t o  include a  quar ter -  

sec t ion  center  p ivot  s p r i n k l e r  system and a  new c o l l e c t o r  f i e l d  of 

about 6 5 0  m 2 .  The dont rac t  fo r  t h i s  new f i e l d  has been awarded to. 

Solar  Kinet ics  who w i l l  i n s t a l l  an advanced version of the  parabol ic  

trough c o l l e c t o r  described above and t e s t e d  a t  the CMTF. 

The f i r s t  Small Power System Experiment i s  under way. Three 

system design c o n t r a c t s  have been awarded by J P L  and s i t e  s e l e c t i o n  

is scheduled fo r  l a t e  1978. T h i s  p r o j e c t  w i l l  be f o r  e l e c t r i c a l  

power only and w i l l  produce about 1 MW peak. The i n i t i a l  experiment 

w i l l  employ a  po in t  focusing c o l l e c t o r  system--either parabol ic  

d i sh  or c e n t r a l  rece iver .  

A very a c t i v e  photovol ta ic  concentrator  development p r o j e c t  

is a l s o  under way w i t h i n  DOE.  The output  of photdvol ta ic  c e l l s  is 

approximatley propor t ional  t o  the inc iden t  energy dens i ty .  

Therefore,  the use of concent ra t ing  s o l a r  c o l l e c t o r s  w i t h  a r r a y s  

of s o l a r  c e l l s  o f f e r s  the a t t r a c t i v e  p o s s i b i l i t y  of providing dost-  

e f f e c t i v e  s o l a r  power p l a n t s  before s o l a r  c e l l  production c o s t s  

a r e  reduced t o  competit ive l e v e l s .  The c e l l s  m u s t  be maintained 

a t  r e l a t i v e l y  low temperatures,  which suggests  a  t o t a l  energy system 

p o s s i b i l i t y . i n  which the coolant  f o r  the s o l a r  - c e l l s  could be appl ied 

t o  a  near ly  thermal load. 

A'hybrid photovoltaic/thermal experiment t o  f u r t h e r  develop 

t h i s  concept is being constructed a t  the Miss iss ippi  County 

Community College i n  B l y t h e v i l l e ,  Arkansas. The s o l a r  concent ra tors  

fo r  t h i s  a p p l i c a t i o n  w i l l  c o n s i s t  of f l a t ,  l ine-focusing Fresnel  

r e f l e c t o r s  by Honeywell, ' I n c .  The rece iver  w i l l  be l i ied  w i t h  

s o l a r  c e l l s  which w i l l  be dynamically cooled by water flowing through 

the rece iver  tube. The e l e c t r i c i t y  w i l l  be used d i r e c t l y  or s tored  

i n  b a t t e r i e s .  The hot  water w i l l  be appl ied t o  heat ing and domestic 

hot  water needs. 

A s e r i e s  of i n d u s t r i a l  process  hea t  experiments, some of which 

employ concentrat ing c o l l e c t o r s ,  a r e  being funded by the  Conservation 



and Solar  Applicat ions ~ i v i s - i o n  of DOE. è he app l i ca t ion  p r o j e c t s  

t o  d a t e  serve thermal demands i n  t h e  200°C range and below, but the 

tremendous energy displacement and cos t -e f fec t iveness  p o t e n t i a l  for  

t h i s  market is  beginning t o  be apprec ia ted .  New i n i t i a t i v e s  involving 

l a r g e r  i n s t a l l a t i o n s  and higher temperatures a r e  being planned. 

Some of t h e  e x i s t i n g  process  hea t  experiments a r e  l i s t e d  i n  

Table 2.  

A t a g i d l y  buildinq da ta  base is becoming a v a i l a b l e  t o  the 

des igners  of s o l a r  thermal a p p l i c a l i o n  projects  i n  thc midtemperature 

range. Sol id  performanc'e d a t a  is a v a i l a b l e  or can be reasonably well  

predic ted  f o r  a v a r i e t y  of well-designed and-const,ructed c o l l e c t o r s .  

Cost p r o j e c t i o n s  a r e  becoming more c r e d i b l e  although needed high- 

volume production expgrience w i l l  be forthcoming only a s  government 

and p r i v a t e l y  funded a p p l i c a t i o n  p r o j e c t s  p r o l i f e r a t e .  Long-term 

O&M c o s t  experience is c r u c i a l .  Accumulating t h i s  experience cannot 

be acce le ra ted ,  but the MSSTF and the  wide range of " r e a l  world" 

system experiments involving d i f f e r e n t  hardware concepts ,  appl ica-  

t i o n s ,  and geographies w i l l  he lp  a s su re  adequate breadth ul: 

experience.  Problems encountered a t  the MSSTF and o ther  operat ing 

a p p l i c a t i o n  p r o j e c t s  a r e  being addressed by Advanced Technology 

Development and by the o ther  R & D  p r o j e c t s  w i t h i n  t he  Solar  Thermal 

programs. 

A s  opera t ing  experience grows over the  next seve ra l  years ,  

it w i l l  be i n t e r e s t i n g  t o  observe the  p lace  taken i n  the  spectrum 

of s o l a r  a p p l i c a t i o n s  by each of fhe bas ic  c o l l e c t o r  technologies-- 

f l a t  p l a t e s ,  l i n e a r  concent ra t ing ,  po in t  concent ra t ing ,  and 

c e n t r a l  rece iver .  . . 
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TABLE 2 

PROCESS HEAT APPLICATION PROJECTS 

Product 

Tex t i l e  
Fabric 

Alfa l fa  

.Soup Can 
Washing 
Line 

Concrete 
Block 
Curing 

Solar Collector  

1 / 2  Parabol ic  
Trough Hexcel 
Concentrator 

Staged-Flat 
P l a t e s  P l u s  
Hexcel Parabol ic  
Troughs 

Staged-Flat 
P l a t e s  P l u s  
Acurex Parabolic 
Troughs ' 

A A I .  Linear . F.ace t 
Concentrator/ 
Fixed Receiver 

Operating 
Temp O C  Solar Use 

175 Steam for  
Cylindr i c a l  
Drying Rol lers  

250 Preheat 
Combus'tion 
Air 

90  Hot Wash 
Water 

90 Hot Curing 
Water 
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The p o i n t - f o c u s i n g  p a r a b o l i c  c o n c e n t r a t o r  is  c o n s i d e r e d  by many a s  

t h e  u l t i m a t e  form of s o l a r  energy c o l l e c t o r .  I t  h a s  such  a t t r a c t i v e  f e a -  

t u r e s  a s  m o d u l a r i t y  and h igh  c o l l e c t i o n  e f f i c i e n c y  and can  p r o v i d e  high-  

q u a l i t y  the rmal  energy f o r  c o n v e r s i o n  i n t o  e l e c t r i c i t y  by a  v a r i e t y  of 

l a r g e  and s m a l l  h e a t  e n g i n e s  o p e r a t i n g  over  a  wide r a n g e  of  t e m p e r a t u r e s .  

I f  d e s i r e d ,  t e m p e r a t u r e s  of 2000-3000°F a r e  e a s i l y  a c h i e v e d ,  a l t h o u g h  most 

e l e c t r i c  sys tems o p t i m i z e  a t  t e m p e r a t u r e s  i n  t h e  1500-2000°F r a n g e .  

Because of  t h e i r  h i g h  t e m p e r a t u r e  p o t e n t i a l ,  i t  is poss.i.ble t o  a d d i t i o n a l l y  

u s e  t h e s e  d e v i c e s  a s  a  s o u r c e  of h e a t  f o r  a  v a r i e t y  of p r o c e s s  h e a t  and 

f u e l  and chemical  a p p l i c a t i o n s .  . . -. ._.., > 

An e a r l y  v e r s i o n  of a  p o i n t - f o c u s i n g  p a r a b o l i c  c o l l e c t o r  was a c t u a l l y  
r' 

b u i l t  i n  1901 and was used f o r  i r r i g a t i o n  d u r i n g  t h e  e a r l y  y e a r s  i n  C a l i f o r n i a .  

However, t h e  a v a i l a b i l i t y  of cheap f u e l s  c u r t a i l e d  subsequen t  u t i l i z a t i o n .  

The purpose  of t h i s  paper  is  t o  p r e s e n t  a  t u t o r i a l  overview of 

p o i n t - f o c u s i n g  p a r a b o l i c  c o l l e c t o r s .  I n  t h e  f i r s t  s e c t i o n , '  t h e  o p t i c a l  

and t h e r m a l  c h a r a c t e r i s t i c s  of s u c h  c o l l e c t o r s  a r e  d i s c u s s e d  i n  some d e t a i l .  

Data r e p r e s e n t i n g  t y p i c a l  a c h i e v a b l e  c o l l e c t o r  e f f i c i e n c i e s  a r e  p r e s e n t e d ,  

and t h e  impor tance  of b a l a n c i n g  c o l l e c t o r  c o s t  w i t h  c o n c e n t r a t o r  q u a l i t y  

i s  a rgued  th rough  t h e  development of a  f i g u r e  of  m e r i t  f o r  t h e  c o l l e c t o r .  

The impact of r e c e i v e r  t e m p e r a t u r e  on performance i s  a s s e s s e d  and t h e  

g e n e r a l  o b s e r v a t i o n  made t h a t  t e m p e r a t u r e s  much i n  e x c e s s  o f  1500-2000'~ 

can a c t u a l l y  r e s u l t  i n  dec reased  performance.  I n  t h e  second s e c t i o n ,  

v a r i o u s  t y p e s  of  two-axis  t r a c k i n g  . c o l l e c t o r s  a r e  d e s c r i b e d ,  i n c l u d i n g  

t h e  s t a n d a r d  p a r a b o l i c  deep d i s h ,  C a s s e g r a i n i a n  and F r e s n e l ,  a s  

w e l l  a s  two forms of f i x e d  m i r r o r  c o l l e c t o r s  w i t h  a r t i c u l a t i n g  r e c e i v e r s .  

I n  t h e  t h i r d  s e c t i o n ,  t h e  p r e s e n t  DOE program t o  deve lop  t h e s e  devices 

i s  b r i e f l y  d i s c u s s e d .  F i n a l l y ,  t h e  l a s t  s e c t i o n  d i s c u s s e s  p r e s e n t  and 

projected c v s t s  of t h e s e  c o l l e c t o r s .  P r i c i n g  i n f o r m a t i o n  i s  p r e s e n t e d  

f o r  t h e  o n l y  known ( t o  t h e  a u t h o r )  commercial  d e s i g n  a v a i l a b l e  on t h e  

opeil marke t .  
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11. A n a l y t i c a l  C o n s i d e r a t  i o n s  

A .  C o n c e n t r a t o r  O p t i c s  

l I n  i t s  s i m p l e s t  form, t h e  p o i n t - f o c u s i n g  p a r a b o l i c  c o n c e n t r a t i n g  

c o l l e c t o r  i n t e r c e p t s  s o l a r  energy and r e d i r e c t s  i t  t o  a  r e l a t i v e l y  s m a l l  

f o c a l  a r e a  a s  shown i n  F i g u r e  1. With p e r f e c t  o p t i c s  and a  p o i n t -  s o u r c e  of 

l i g h t ,  t h e  f o c a l  a r e a  would, i n  f a c t ,  b e  a  s i n g l e  p o i n t .  The s u n ,  however, 

h a s  a  f i n i t e  d i a m e t e r  and ,  on a  y e a r l y  a v e r a g e ,  s u b t e n d s  a  h a l f  a n g l e  of 

abou t  4 . 6  m i l l i r a d i a n s  ( m a d ) ,  producing a  somewhat e n l a r g e d  f o c a l  p o i n t  

o r  image. S i n c e  a  p e r f e c t  p a r a b o l i c  c o n c e n t r a t i n g  s u r f a c e  d o e s  n o t  e x i s t ,  

t h e  image w i l l  be  f u r t h e r  e n l a r g e d  due  t o  m i s d i r e c t i o n  of t h e  l i g h t  r a y s  

by m i s a l i g n e d  s u r f a c e  e lements  caused by macroscopic  s u r f a c e  wav iness .  

The m i r r o r  q u a l i t y  ( p e r f e c t i o n  of o p t i c s )  c a n  b e  s t a t i s t i c a l l y  s p e c i f i e d  

by b o t h  t h e  c i r c u m f e r e n t i a l  and r a d i a l  s t a n d a r d  d e v i a t i o n  of t h e  s u r f a c e  

normal .  A s u r f a c e  e r r o r  of  u = 5  mrad i m p l i e s  one s t a n d a r d  d e v i a t i o n .  
S 

Because of  i m p e r f e c t  o p t i c s  and t h e  f i n i t e n e s s  of  t h e  s u n ,  a d d i t i o n a l  e n l a r g e -  

ment of  t h e  s u n ' s  image o c c u r s  due t o  t h e  r e l a t i v e  l o c a t i o n  of  t h e  f o c a l  p l a n e  

from t h e  apex of  t h e  p a r a b o l i c  c o n c e n t r a t o r .  T h i s  geomet r i c  e f f e c t  i s  u s u a l l y  

e x p r e s s e d ' i n  terms of t h e  f/D r a t i o  ( i . e . ,  t h e  r a t i o  of  t h e  f o c a l  l e n g t h ,  f ,  

and t h e  d i a m e t e r  of  t h e  c o n c e n t r a t o r ' s  a p e r t u r e ,  D ) ,  o r  i n  terms o f  t h e  r i m  

a n g l e  ( s e e  l ? ig 'u re  1 )  ; The image becomes l a r g e r  , a t  l a r g e  v a l u e s  o'f f/D ( s m a l l  

r i m  a n g l e s )  o r  a t  v e r y  s m a l l  v a l u e s  of f /D  ( l a r g e  r im a n g l e s ) .  The optimum 

l o c a t i o n ,  p roduc ing  t h e  s m a l l e s t  image s i z e ,  o c c u r s  a t  a n  £/D v a l u e  of 

aLvuL 0 . 6  ( r im a n g l e s  of abou t  45U) (Ref .  1 ) .  T h i s  optimum i s  n o t  v e r y  

sha rp ,and  c o n s i d e r a b l e  d e p a r t u r e  from t h i s  v a l u e  p roduces  l i t t l e  e n l a r g e -  

ment of  t h e  s o l a r  image. 

Another f a c t o r  which i s  i m p o r t a n t  i n  c o n c e n t r a t o r  o p t i c s  i s  t h e  

r e f l e c t i v i t y  of t h e  s u r f a c e .  Not a l l  of t h e  energy t h a t  s t r i k e s  t h e  s u r f a c e  

i s  r e f l ec t ed ;  some i s  absorbed. The f r a c t i o n  n o t  absorbed  i s  termed t h e  

t o t a l  h e m i s p h e r i c a l  r e f l e c t a n c e .  U n f o r t u n a t e l y ,  n o t  a l l  of t h e  energy  

r e f l e c t e d  emerges at an  a n g l e  demanded by p e r f e c t  o p t i c s  b u t ,  i n  f a c t ,  can  
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b e  s c a t t e r e d  a t  a n  a n g l e  c o n s i d e r a b l y  d i f f e r e n t  t h a n  t h e  p e r f e c t  d i r e c t i o n .  

T h i s  e f f e c t  a l s o  adds  t o  t h e  enlargement  of t h e  image a t  the f n c a l  p l a n e .  

A measure  of t h i s  e f f e c t  is. shown f o r  a  number of d i f f e r e n t  m a t e r i a l s  

i n  F i g u r e  2 ( a )  t a k e n  from Refe rence  1. ' The c u r v e s  i n d i c a t e  a  r a p i d  

i n c r e a s e  of r e f l e c t a n c e  t o  t h e  a s y m p t o t i c  v a l u e  ( h e m i s p h e r i c a l  r e f l e c t a n c e )  

w i t h  i n c r e a s e d  s p r e a d i n g  a n g l e  (a). The s p r e a d i n g  a n g l e  i s  d e f i n e d  a s  t h e  

d e v i a t i o n  from t h e  p e r f e c t  d i r e c t i o n  ( F i g u r e  2 ( b ) ) .  Some m a t e r i a l s ,  such  

a s  p l a s t i c  f i l m s ,  r e f l e c t  most of t h e  energy w i t h i n  a  r a t h e r  l a r g e  

s p r e a d i n g  a n g l e  (7-15 mradj w h i l e  m a t e r i a l s  l i k e  g l a s s  have v e r y  l i t t l e  

s p r e a d i n g  of t h e  beam ( i . e . ,  less t h a n  1 mrad) .  C l e a r l y ,  t h e  l e s s  t h e  

s p r e a d i n g ,  t h e  s m a l l e r  w i l l  b e  t h e  s o l a r  image. 
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B.  C o l l e c t o r  E f f i c i e n c y  

The importance of t h e  s i z e  of t h e  image produced by t h e  r e f l e c t i n g  
' 

s u r f a c e  is. a p p r e c i a t e d  when one a t t e m p t s  t o  d e t e r m i n e  t h e  c o l l e c -  

t o r  e f f i c i e n c y  d e f i n e d . a s  t h e  , r a t i o  of energy absorbed by t h e  r e c e i v e r  t o  

t h e  energy impinging t h e  c o n c e n t r a t o r  s u r f a c e  ( s e e  F i g u r e  3 ) .  The e f f i -  

c i e n c y  can be  d e f i n e d  by t h e  re la . t ' i onsh ip :  

. . 
p I  A '  @ a 

- - energy absorbed by r e c e i v e r  - o  c ef f - Q~ - " c  energy impinging c o n c e n t r a t o r  IoAc 

where 

p = t o t a l  hemispher ic ,a l  r e f l e c t i v i t y  of c o n c e n t r a t o r  s u r f a c e  

0 = t h e  i n t e r c e p t i o n  f a c t o r  d e f i n e d  a s  t h e  f r a c t i o n  of t h e  energy 

r e a c h i n g  t h e  f o c a l  p l a n e  which e n t e r s  t h e  r e c e i v e r  a p e r t u r e  

Q: = t h e  e f f e c t i v e  s o l a r  a b s o r p t a n c e  
ef f  

QL = 
t h e  the rmal  l o s s e s  from t h e  r e c e i v e r  ( p r i m a r i l y  d u e  t o  r e r a d i a -  

t i o n  from t h e  r e c e i v e r  a p e r t u r e )  

I0 
= t h e  s o l a r  i n s o l a t i o n  

\ 

Ac = the .  c o n c e n t r a t o r  a p e r t u r e  a r e a  

To maximiac f o r  a  g i v e n  I n s o l a t f o n  and c o n c e n t r a t o r  s i z e  one  c a n  d e c r e a s e  
q c  

t h e  v a l u e  of QL which i s  dominated by t h e  r e r a d i a t i o n  of energy from t h e  

r e c e i v e r  a p e r t u r e .  T h i s  can be  accomplished by d e c r e a s i n g  t h e  r e c e i v e r  

a p e r t u r e  a r e a .  However, d e c r e a s i n g  t h i s  a r e a  impac t s  t h e  amount of energy 

which can e n t e r  t h e  r e c e i v e ?  because  of t h e  f i n i t e n e s s  of t h e  s u n ' s  image 

produced by t h e  c o n c e n t r a t o r .  C l e a r l y ,  one  wants t o  make t h i s  image s i z e  

3~  mall as p o s s i b l e  t o  g e t  a s  much of t h e  image i n t o  t h e  r e c e i v e r  a p e r t u r e .  

It  h a s  been found t h a t  f o r  most c a s e s  t h e  optimum a p e r t u r e  s i z e  i s  n o t  
, . 

t h a t  which a l l o w s  a l l  of t h e  energy t o  e n t e r ; , r a t h e r ,  a n  i n t e r c e p t  f a c t o r  

of 95-98% ( i . e . ,  a .  2-5% s p i l l o v e r )  is  optimum. T y p i c a l  i n t e r c e p t  f a c t o r s  

v e r s u s  r e c e i v e r  ,aperture r a d i u s  i s  showil i n  F i g u r e  4 (from Ref .  2 )  f o r  two 
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Figure L .  Intercept  i o n  I'nr t o r  v s  Keceiver Apert t~re R a d i u s  



d i f f e r e n t  v a l u e s  of  c o n c e n t r a t o r  q u a l i t y .  A s  is c l e a r l y  shown, t h e  l a r g e r  

,the s u r f a c e  e r r o r s  ( i . e . ,  a = 5  mrad) ,  t h e  l a r g e r  must b e  t h e  r a d i u s  of 
S 

t h e  r e c e i v e r  a p e r t u r e  t o  a c h i e v e  t h e  optimum beam i n t e r c e p t .  Note  a l s o  

t h a t  most  of t h e  energy  i s  found w i t h i n  t h e  midd le  p o r t i o n  of t h e  beam and 

l i t t l e  i s  a t  t h e  edge.  T h i s  i s ' w h y  t h e  optimum a p e r t u r e  r a d i u s  d o e s  n o t  

c o r r e s p o n d  t o  f u l l  a c c e p t a n c e  of t h e  beam ( i n t e r c e p t  f a c t o r  of  o n e ) .  

Values  of c o l l e c t o r  e f f i c i e n c y  have been c a l c u l a t e d  f o r  a  c o n c e n t r a -  
2 t o r l r e c e i v e r  combina t ibn  hav ing  an f /D  of 0 .6  under  an  i r r i d i a t i o n  of 0 .8  kW/m . 

F i g u r e  5  shows c o l l e c t o r  e f f i c ' i e l l cy  v c r s u s  c o n c e n t r a t o r  q u a l i t y  expressed  i n  

rnrad. . D a t a  a d a p t e d  from R e f e r e n c e  2 a r e  p r e s e n t e d  f o r , . f o u r  v a l u e s  of  

-receiver t e m p e r a t u r e  and . two v a l u e s  o'f e m i s s i v i  t y .  Thc r e c e i v e r  

a b s o r p t i o n  a r e a ' t o  a p e r t u r e  area (A /A ) was t a k e n  a s  5 .  The oon- 
W 0 

c e n t r a t o r  was assumed t o  have a  r e f l e c t i v i t y  v e r s u s  s p r e a d i n g  a n g l g  g iven  

by t h e  c u r v e  c o r r e s p o n d i n g  t o  Corning 0317 g l a s s  shown i n  F i g u r e  2 ( a ) ,  

excep t  t h a t  t h e  h e m i s p h e r i c a l  r e f l e c t i v i t y  was t a k e n  a s  0 .85 t o  accoun t  

f o r  p o t e n t i a l  d e g r a d a t i o n .  A t  a  r e c e i v e r  t e m p e r a t u r e  of abou t  3 0 0 ' ~  t h e  

c o l l e c t o r  e f f i c i e n c y  v a r i e s  o n l y  from 75% t o  83% o v e r  t h e  r a n g e  of 1 t o  8  

msad i n  c o n c e n t r a t o r  q u a l i t y .  A t  9 0 0 ~ ~  t h e  c o l l e c t o r  e f f i c i e n c y  i s  much 

more s e n s i t i v e  t o  c o n c e n t r a t o r  q u a l i t y  and r e q u i r e s  s u r f a c e  a c c u r a c i e s  of 

2 t o  3 mrad t o  o b t a i n  r e a s o n a b l e  e f f i c i e n c i e s .  Note t h e  impor tance  of s u r -  

f a c e  c m i s s i v i t y  ( o r  a b s o r p t i v i t y )  a s  r e c - e i v e r  t e m p e r a t u r e  i s  i n c r e a s e d .  

A t  low t e m p e r a t u r e s  l r .  i s  il6t mucl~ o f  n factnrj h~ i t ;  a t  r e c e i v e ?  t e m p e r a t u r e s  

of 1 3 0 0 ~ ~  i t  a p p e a r s  i m p o r t a n t  t o  have a  low e m i s s i v i t y  t o  m a i n t a i n  h i g h  
< c o l l e c t o r  c f f i c i e n c i e s .  U n f o r t u n a t e l y ,  f o r  c a v i t y  t y p e  r e c e i v e r s ,  i t  i s  

. ex t remely  d i f f i c u l t  t o  a c h i e v e  a  i s w  v a l u c  s f  effective e m i s s i v i t y .  A 

p l o t  of e f f e c t i v e  e m i s s i v i t y  a s  a  f u n c t i o n  of A / A  f o r  v a r i o u s  v a l u e s  of 
W 0 

s u r f a c e  a b s o r p t a n c e  o r  e m i t t a n c e  (Ref. 2 )  is shown i n  F i g u r e  6 .  Note t h a t  
. . 

a t  %/Au = 5  a s u r f a c e  e m i t t a n c e  of 0 . 1  p e s u l t s  jn an e f f e c t i v e  e m i t t a n c e  

of n e a r l y  0 .4 .  

The o p t i c a l  p a r a m e t e r s  t h a t  co r respond  t o  t h e  c u r v e s  i n  F i g u r e  5 

' a re  gfven i l l  F i g u r e  7 .  A t  a m i r r o r  q u a l i t y  of 8 mrad t h e  o p t i c a l  concen- 

t r a t i o n  ( r a t i o  of c o n c e n t r a t o r  a p e r t u r e  a r e a  t o  r e c e i v e r  a p e r t u r e  a r e a )  

i s  from 250 t o  280 a t  a  5 0 0 ' ~  r e c e i v e r  t e m p e r a t u r e .  With a h i g h  q u a l i t y  

c o n c e n t r a t o r  (2 mrad) t h e c o n c e n t r a t i o n  r a t i o  i s  abou t  1500,  meaning t h a t  
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F i g u r e  5 .  C u l l e ' c t o r  E f f i c i e n c y  vs  C o n c e n t r a t o r  Q u a l i t y  
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t h e  a l l o w a b l e  r e c e i v e r  a p e r t u r e  i s  much s m a l l e r  w i t h  c o r r e s p o n d i n g l y  lower 

r e r a d i a t i o n  l o s s e s  and h i g h e r  c o l l e c t i o n  e T T i ~ i e n s y ~  

A s  was p o i n t e d  o u t  e a r l i e r ,  t h e  c o l l e c t o r  e f f i c i e n c y  shown i n  

F i g u r e  5 assumed a  r e f l e c t i v i t y  v e r s u s  s p r e a d i n g  a n g l e  (o) based on t h e  

t o p  c u r v e  of F i g u r e  2 ( a ) .  T h i s  c u r v e  assumes v e r y  l i t t l e  s p r e a d i n g  

(< 1 mrad) of  beam, i . e . ,  a v e r y  s p e c u l a r  s u r f a c e .  I t  i s  of i n t e r e s t  t o  

compare the  performance o f  a  c o l l e c t o r  hav ing  a  v e r y  s p e c u l a r  s u r f a c e  

w i t h  one chaL i s  l e s s  s p c c u l a r ,  hnth  h a v i n g  t h e  same v a l u e  o f  t o t a l  

h e m i s p h e r i c a l  r e f l e c t i v i t y .  R e f e r r i n g  t o  F i g u r e  2 ( a ) ,  we n o t e  t h a t  

t h e  r e f l e c t i v i t y  c u r v e s  f o r  Corning 0317 g l a s s  and t h a t  o f  Corn ing  

s i l v e r e d  m i c r o s h e e t  show a t o t a l  h e m i s p h e r i c a l  r e f l e c t i v i t y  of  

a b o u t  0 .95;  however, t h e  m i c r o s h e e t  i s  much l e s s  s p e c y l a r ,  i . e . ,  h a s  

g r e a t e r  s p r e a d i n g  of t h e  beam. The r e s u l t a n t  c o l l e c t o r  e f f i c i e n c i e s  a r e  

compared i n  F i g u r e  8 .  Note t h a t  even though t h e  s p e c u l a r i t i e s  a r e  s i g n i -  

f i c a n t l y  d i f f e r e n t ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  c o l l e c t o r  e f f i c i e n c y .  

The r e a s o n  t h i s  o c c u r s  i s  t h a t  most of t h e  energy is  l o c a t e d  n e a r  t h e  

c e n t e r  of t h e  r e c e i v e r  a p e r t u r e  and n o t  n e a r  t h e  edge.  Thus,  t h e  i m p l i -  

c a t i o n  i s  t h a t  a  modest amount of s p r e a d i n g  d o e s  n o t  s i g n i f i c a n t l y  e f f e c t  

pe r fo rmance ,  and t h a t  a  h i g h l y  s p e c u l a r  s u r f a c e  i s  r e a l l y  n a t  r e q u i r e d .  
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C .  P o i n t i n g  E r r o r  

I n  g e n e r a l ,  t h e  g e o m e t r i c a l  c e n t e r  of t h e  r e c e i v e r  does  n o t  

c o i n c i d e  w i t h  t h e  c e n t e r  of  t h e  s o l a r  image dtle t o  t h e  c o n c e n t r a t o r  p o i n t -  

i n g  e r r o r .  The p o i n t i n g  e r r o r  i n c l u d e s  i n a c c u r a t e  sun t r a c k i n g ,  m i s -  

a l ignment  and r e c e i v e r  s u p p o r t i n g  s t r u c t u r e  d e f l e c t i o n s  caused by g r a v i t y  

and wind l o a d s .  An e x p r e s s i o n  f o r  i n t e r c e p t  f a c t o r  @ h a s  been d e r i v e d  

a t  JPL (Ref.  3 )  a s  a  f u n c t i o n  of p o i n t i n g  e r r o r  ( 6 ) ,  r e c e i v e r  a p e r t u r e  (R) , 
~ L L J  the f l u x  d i s t r i h ~ l t i o n  f  (Z) a t  t h e  f o c a l  p l a n e .  The geometry  i s  shown 

i n  F i g ~ l r ~  9 .  The f i n a l  r e s u l t  i s  expressed  below: 

- 1 
22 f ( 7 . j  I;OS (Y)  J Z ,  6 > K  

= 

2nZ f  (Z) dZ + 
x "-ti 

2.Z f ( Z )  COS-I (Y) dZ, 0 ~ 6 5 R  

2 z 2  + b2 - R 
where Y = 

2 b Z  

I n  t h e  above e q u a t i o n  o b v i o u s l y  i t  is  n e c e s s a r y  t o  have a  d e s c r i p t i o n  o f '  

t h e  f l u x  d i s t r i b u t i o n ,  f ( Z ) ,  a t  t h e  f o c a l  p l a n e .  I f  t h e  d i s t r i b u t i o n  were 

ass~ lrned  Gauss ian ,  i t  c o u l d '  b e  .expressed a n a l y t i c a l l y  .- However, i n  g e n e r a l ,  

f (2 )  rsj 11. n o t  be so  s i m p l e ,  and t h e  use of a d i g i t a l  computer ~ n a S . y s l s  

i s  of t e n  found t o  b e  n e c e s s a r y  t o  e v a l u a t e  t h i s  e x p r e s s i o n .  An example 

of t h e  r e s u l t s  of s u c h  a n , a n a l y s i s  i s  shown . in F i g u r e  1 0 .  

' 9  . .  1 

Another '  i m p o r t a n t  a s p e c t  of t h e  p o i n t i n g  e r r o r  pi'oblen, r r l d t e s  

t o  r e c e n t  i n f o r m a t i o n  g e n e r a t e d  a t  JPL s u g g e s t i n g  t h a t  c e r t a i n  p o i n t i n g  

e r r o r s  can be  v i r t u a l l y  e l i m i n a t e d  from c o n s i d e r a t i o n  t h r o u g h  p r o p e r  

s c n c i n g  and c o n t r o l .  These  e r r o r s  would i n c l u d e  t h o s e  d u e  tu a l f g n m c n t ,  

r e c e i v e r  s a g ,  a t m o s p h e r i c  r e f r a c t i o n  and s t e a d y  winds .  T r a n s i e n t  p o i n t i n g  

e r r o r s ,  d u e  t o  wind g u s t s ,  must s t i l l  be  c o n s i d e r e d ,  b u t  w i t h  a  . f a s t  

r e s p o n s e  c o n t r o l  sys tem such  t h a t  t h e  c o n c e n t r a t o r  i s  q u i c k l y  b rough t  

back  t o  a c c u r a t e  p o i n t i n g ,  l i t t l e  energy i s  l o s t .  
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D.  C o l l e c t o r  Cost v e r s u s  Q u a l i t y  

So f a r  we have d i s c u s s e d  t h e  performance of c o n c e n t r a t i n g  c o l l e c -  

t o r s  a s  a  f u n c t i o n  of  t h e  q u a l i t y  of t h e  s u r f a c e .  The c o n c l u s i o n  one might 

r e a c h  is  t h a t  t h e  h i g h e s t  q u a l i t y  s u r f a c e  i s  t h e  b e s t  because  i t  g i v e s  

you t h e  s m a l l e s t  s o l a r  image and ,  t h u s ,  t h e  h i g h e s t  c o l l e c t o r  e f f i c i e n c y .  

Th i s  argument t o t a l l y  d i s r e g a r d s  c o s t .  I n  f a c t ,  i t  may w e l l  be  t h a t  a  

poore r  q u a l i t y  c o n c e n t r a t o r  i s  p r e f e r r e d  o v e r  one of h i g h e r  q u a l i t y  i f  

t h e  c o s t  were low enough. To o b t a i n  t h e  optimum c o l l e c t o r  d e s i g n ,  a  

f i g u r e  of m e r i t  can be  d e f i n e d  a s  shown i n  Tab le  1. The f i g ~ l r e  of m e r i t  

i s  t h e  r a t i o  of t h e  energy  absorbed by t h e  r e c e i v e r  a t  t h e  s p e c i f i c  tem- 

p e r a t u r e  and t h e  c o l l e c t o r  c o s t .  The h i g h e r  t h i s  r a t i o ,  t h e  b e t t e r  t h e  

c o l l e c t o r .  A s  shown i n  F i g u r e  11, a s  c o n c e n t r a t o r  o p t i c a l  q u a l i t y  i s  i n -  

c r e a s e d ,  b o t h  c o l l e c t o r  c o s t  and e f f i c i e n c y  i n c r e a s e .  The optimum q u a l i t y  

is  t h a t  p o i n t  which maximizes t h e  f i g u r e  of  m e r i t .  It i s  i m p o r t a n t  t o  

r e c o g n i z e  t h a t  o p t i c a l  q u a l i t y  c o n s i d e r s  a l l  f a c t o r s  t h a t  i n f l u e n c e  t h e  s i z e  

and l o c a t i o n  of  t h e  s o l a r  image such  a s  s u r f a c e  i n a c c u r a c i e s ,  s u r f a c e  

r e f l e c t i v i t y  and p o i n t i n g  e r r o r s .  Ploreover, t h e  c o l l e c t o r  c o s t  mus.t con- 

s i d e r  a l l  f a c t o r s  such  a s  c o s t  of s u r f a c e ,  s u b s t r a t e ,  s t r u c t u r e ,  t r a c k i n g  

mechanisms and b e a r i n g s  a s  well. a s  t h e  c o s t  of t h e  r e c e i v e r .  Because of 

t h e  complexi ty  of  t h e s e  c o n s i d e r a t i o n s ,  t h e r e  i s  l i t t l e  p r e s e n t  i n  t h e  

l i t e r a t u r e  r e g a r d i n g  t h e  r e l a t i o n s h i p  between c o l l e c t o r  c o s t  and o p t i c a l  

q u a l i t y .  The problem becomes even more complex when t h e  i s s u e s  o r  r e c e i v e r  

t e m p e r a t u r e  and power c o n v e r s i o n  a r e  i n t r o d u c e d .  A h i g h e r  t e m p e r a t u r e  

may r e s u l t  i n  g r e a t e r  sys tem performance because  of t h e  i n c r e a s e d  e f f i c i e n c y  

of t h e  power c o n v e r s i o n  u n i t .  However, t o  c o l l e c t  a t  h i g h e r  t e m p e r a t u r e s ,  

b e t t e r  q u a l i t y  o p t i c s  a r e  needed which i n c r e a s e  c o l l e c t o r  c o s t s .  C l e a r l y ,  

an  o p t i m i z a t i o n  s t u d y  can and s h o u l d  b e  performed.  C o n s i d e r a b l e  work i n  

t h i s  area nccdo y e t  Le Ju~lt:  beLure p r o p e r l y  op t imized  sys tems  a r e  deve loped .  
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E .  System Performance 

I n  t h e  p r e v i o u s  s e c t i o n  i t  was impl ied  t h a t  i n c r e a s i n g  r e c e i v e r  

t e m p e r a t u r e  c a n  l e a d  t o  improved sys tem performance,  b u t  t h a t  c o s t . m i g h t  

a l s o  b e  s i g n i f i c a n t l y  i n c r e a s e d .  It  can  a l s o  b e  shown t h a t ,  above c e r -  

t a i n  t e m p e r a t u r e s ,  l i t t l e  i s  ga ined  w i t h  r e s p e c t  t o  performance by f u r t h e r  

i n c r e a s e s  i n .  t e m p e r a t u r e .  ~ i g u r e  12  i s  a  p l o t  of sys tem e f f i c i e n c y  

( p r o d u c t  of c o l l e c t o r  and e n g i n e )  v e r s u s  r e c e i v e r  t e m p e r a t u r e  p a r a m e t r i c  

w i L 1 1  p e r c e n t  of  Carnnt e f f i c i e n c y  . These  c u r v e s ,  based on p e r f e c t  o p t i c s  

( i . e . ,  t h e  r e c e i v e r  a p e r t u r e  c o r r e s p o n d s  t o  t h e  s o l a r  image) ,  i n d i c a t e  

t h a t ,  above a b o u t  1 0 0 0 - 1 2 ~ 0 ~ ~ ,  l i t t l e  i s  ga ined  I n  sysLwn e f f i c i e n c y .  

The reason 1s [-hat t h e  s o l a r  i-mage s i z e  i s  f i x e d ,  and go ing  t o  h i g h e r  

t e m p e r a t u r e s  i n c r e a s e s  t h e  r e r a d i a t i o n  from t h e  r e c e i v e r  a p e r t u r e  more 

r a p i d l y  t h a n  i t  i n c r e a s e s  c o n v e r s i o n  e f f i c i e n c y .  When r e a l  o p t i c s  a r e  

c o n s i d e r e d ,  t h e  s i t u a t i o n  is  even worse  and t e m p e r a t u r e  of abou t  8 0 0 - 1 0 0 0 ~ ~  

p r o b a b l y  shou ld  n o t  b e  exceeded.  
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111. C o l l e c t o r  Types 

- 
There  a r e  a  number of v a r i a t i o n s  of t h e  p o i n t - f o c u s i n g  p a r a b o l i c  

c o n c e n t r a t i n g  c o l l e c t o r .  The c o n v e n t i o n a l  t y p e  is  termed a  deep d i s h  

( F i g u r e  1 3 a )  i n  which t h e  r e c e i v e r  i s  l o c a t e d  a t  t h e  f o c a l  p o i n t  and 

a c c e p t s  energy from s i n g l e  r e f l e c t i o n s .  A v a r i a t i o n  of t h i s  i s  shown i n  

F i g u r e  13b i n  which a  secondary r e f l e c t o r  (CPC) i s  placed a t  t h e  r e c e i v e r  

t o  r e d i r e c t  and b e t t e r  f o c u s  t h e  energy i n t o  t h e  c a v i t y .  Such a  d e s i g n  

e n a b l e s  t h e  u s e  of a  poore r  q u a l i t y  c o n c e n t r a t o r  w i t h  a  h i g h  c o n c e n t r a -  

t i o n  r e c e i v e r .  Anothcr v e r s i v n  h a s  a  secondary  r e f l e c t i n g  s u r f a c e  

(Fi.gure 1 3 c )  s o  t h a t  t h e  r e c e i v e r  can be  l o c a t e d  a t  o r  n e a r  t h e  t r a c k i n g  

a x i s .  T h i s  c o n f i g u r a t i o n ,  known a s  a  C a s s e g r a i n i a n ,  h a s  c e r t a i n  d e s i g n  

a d v a n t a g e s ,  b u t  h a s  t h e  b a s i c  d i s a d v a n t a g e  of a d d i t i o n a l  r e f l e c t i o n s .  

It i s  a l s o  p o s s i b l e  t o  r e p l a c e  t h e  p a r a b o l i c  r e f l e c t i n g  s u r f a c e  w i t h  a  

f l a t - p l a t e  r e f l e c t i n g  F r e s n e l  l e n s  ( F i g u r e  1 3 d ) .  F i n a l l y ,  a  curved 

r e f r a c t i n g  F r e s n e l  l e n s  i s  p o s s i b l e  and h a s  many i n h e r e n t  a d v a n t a g e s  

( F i g u r e  1 3 e ) ,  t h e  most impor tan t  b e i n g  a  l i g h t w e i g h t  s t r u c t u r e .  

Up t o  t h i s  p o i n t  t h e  c o l l e c t o r  t y p e s  d i s c u s s e d  have been two-axis  
5 

t r a c k i n g  c o l l e c t o r s  f o r  which t h e  c o n c e n t r a t o r  is  c o n t i n u a l l y  p o i n t e d  a t  

t h e  s u n ,  r e d i r e c t i n g  and c o n c e n t r a t i n g  t h e  s u n ' s  energy i n t o  a  r e c e i v e r  

which remains  a t  t h e  f o c a l  p o i n t  of t h e  c o l l e c t o r .  Another c l a s s  of 

e s s e n t i a l l y  a  p o i n t - f o c u s i n g  c o l l e c t o r  i s  t h e  f i x e d  m i r r o r  concep t  i n  which 

t h e  r e c e i v e r  i s  t h e  o n l y  element of t h e  c o l l e c t o r  which a r t i c u l a t e s  and 

m a i n t a i n s  i t s e l f  rough ly  i n  t h c  f o c a l  x rg lon  of t h e  r a y s  r e f l e c t i n g  from 

t h e  f i x e d  c o n c e n t r a t o r  s u r f a c e .  A t  l e a s t  two v e r s i o n s  have been p roposed .  

One v e r s i o n ,  under  development by E-Systems, i s  known a s  t h e  Fixed M i r r o r  

D i s t r i b u t e d  Focus Concept ( F i g u r e  1 4 ) ,  and h a s  a n  a p e r t u r e  d i a m e t e r  of 

from 200-300 f e e t .  The c o l l e c t o r  can  p roduce  abou t  1 0 0 0 ~ ~  h e a t  w i t h  a 

c o n c c n t r a t i u l i  r a t i o  of abou t  1000. A more modest v e r s i o n  h a s  r e c e n t l y  

been s u g g e s t e d  by M e i n ~ l  of t h c  U n i v e r s i t y  of A r i z o n a ,  hav ing  a n  a p e r t u r e  

d i a m e t e r  of 5 t o  1 0  f e e t .  It p roduces  t e m p e r a t u r e s  of 300°c a t  a  concen- 

t r a t i o n  r a t i o  of o n l y  abou t  10-20. Both of  t h e s e  c o n c e p t s  u s e  a  s p h e r i c a l  

m i r r o r  s u r f a c e  and a r e  f a s h i o n e d  a f t e r  t h e  e a r l y  work of Steward and K r e i t h  

(Ref .  4 )  on s m a l l  d i a m e t e r  f i x e d  m i r r o r  c o n c e p t s .  
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The f i x e d  m i r r o r  d i s t r i b u t e d  f o c u s  (F'MDF) concep t  does  n o t  f o c u s  

energy  a t  a  s i n g l e  p o i n t ,  b u t  r a t h e r  a long  a l i n e ,  e i t h e r  c y l i n d r i c a l  o r  

c o n i c a l  s u r f a c e  ( s e e  F i g u r e  1 5 ) .  Because of t h i s  f e a t u r e  and u n a v o i d a h l e  

c o s i n e  l o s s e s ,  the-FMDF system h a s  a  lower c o l l ' e c t i o n  e f f i c i e n c y  t h a n  t h o s e  

c o n c e p t s  i n w h i c h  t h e  . c o n c e n t r a t o r  a r t i c u l a t e s ,  I t s  main advan tage  i s  t h e  

p o t e n t i a l  lower c o s t  Assoc ia ted  w i t h  a  c o n c e n t r a t o r  s t r u c t u r e  t h a t  d o e s  

n o t  need t o  a r t i c u l a t e .  



(a) POSITION OF THE ABSORBER AT 
8:OOA.M. OR4:OOP.M. 

(b) POSITION OF THE ABSORBER AT 
10:00 A.M. OR 2:00 P.M. 

( c )  POSITION OF THE ABSORBER AT 
12:OO NOON 
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I V  . P r e s e n t  Development Programs 

: A s  i n d i c a t e d  i n  t h e  l a s t  s e c t i o n ,  u n t i l  r e c e n t l y  v e r y  l i t t l e  work 

was done i n  t h e  development of p o i n t - f o c u s i n g  d i s t r i b u t e d  r e c e i v e r  (PFDR) 

sys tems .  The Government now h a s  a  v e r y  a c t i v e  program t o  d e v e l o p  t h i s  

c o n c e p t .  J P L  h a s  been s e l e c t e d  by DOE t o  manage an i n d u s t r i a l  program 

t h a t  w i l l  l e a d  t o  evo lv ing  low-cost ,  h igh-performance o p t i o n s  of t h e  PFDR. 

T h i s  program r e c o g n i z e s  t h a t  p a r a b o l i c  c o n c e n t r a t o r s  can  b e  coup led  w i t h  a  

number oT energy t r a n s p o r t  and power c o n v e r s i o n  t e c h n i q u e s .  The energy  - 

t r a n s p o r t  o p t i o n s  a r e  . 

1 )  the rmal  

2 )  chemica l  

3 )  e l e c t r i c a l  

Thermal t r a n s p o r t  sys tems ,  i n  which a  group of c o l l e c t o r s  a r e  i n t e r c o n -  

nec ted  and t h e r m a l  energy t r a n s p o r t e d  t o  a  c e n t r a l  h e a t  e n g i n e ,  a r e  

l i m i t e d  t o  about  1 0 0 0 ~ ~  o p e r a t i o n  because  of t h e  d i f f i c u l t y  of t r a n s p o r t i n g  

h i g h  t e m p e r a t u r e  h e a t  by p i p i n g .  Chemical  t r a n s p o r t  a v o i d s  t h i s  h i g h  

t e m p e r a t u r e  t r a n s p o r t  problem by c o n v e r t i n g  t h e  t h e r m a l  energy a t  t h e  

r e c e i v e r  i n t o  p o t e n t i a l  energy i n  a  chemica l .  By removing any s e n s i b l e  

h e a t ,  r e l a t i v e l y  low t e m p e r a t u r e  g a s e s  o r  l i q u i d s  a r e  t r a n s p o r t e d  t o  a  

c e n t r a l  h e a t  e n g i n e  where r e c o n v e r s i o n  t o  h e a t ,  and t h e n  e l e c t r i c i t y ,  

can o c c u r .  I n  e l e c t r i c a l  t r a n s p o r t ,  t h e  h e a t  absorbed by t h e  r e c e i v e r  i s  

immediate ly  conver ted  t o  e l e c t r i c i t y  by a  s m a l l  h e a t  e n g i n e  l o c a t e d  a t  

o r  n e a r  t h e  f o c a l  a r e a .  E l e c t r i c i t y  i s  Lhen t r a n s p o r t e d  from each  c o l -  

l e c t o r .  These t h r e e  c o n c e p t s  a r e  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g u r e  1 6 .  

The power c o n v e r s i o n  sys tems  t h a t  may be coupled w i t h  t h e s e  t y p e s  

of c o l l e c t o r s  can b e  based on Rankine ,  Brayton o r  S t i r l i n g  c y c l e s .  Wi th  

o u r  p r e s e n t  l e v e l  of u n d e r s t a n d i n g ,  dny of t h e s e  t h r e e  c o n v e r s i o n  sys tems  

a r e  f e l t  t o  b e  c a p a b l e  of l e a d i n g  t o  a t t r a c t i v e ,  c o s t - c o m p e t i t i v e  power 

p l a n t s .  The Government 's  program is  p r e s e n t l y  s t r u c t u r e d  t o  d e v e l o p  and 

mature  v a r i o u s  c o l l e c t o r ,  r e c e i v e r  and h e a t  e n g i n e  o p t i o n s .  A program 

t o  deve lop  a  low-cost ,  h igh-performance p o i n t - f o c u s i n g  c o n c e n t r a t o r  h a s  

been i n i t i a t e d .  P r o p o s a l s  a r e  p r e s e n t l y  b e i n g  e v a l ~ i a t e d  i n  o r d e r  t o  
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s e l e c t  t h r e e  c o n t r a c t o r s  f o r  concept  d e f i n i t i o n  and mass p r o d u c t i o n  c o s t  

e s t i m a t i n g .  By t h e  end of J u n e  1978, c o n t r a c t s  w i l l  have been n e g o t i a t e d  

w i t h  a number of i n d u s t r i a l  f i r m s  f o r  t h e  development of g a s  and s team 

r e c e i v e r s  and t h e  development of s m a l l  S t i r l i n g ,  Rankine and ~ r a ~ t ' o n  h e a t  

e n g i n e s  . 

An overview of t h e  s c h e d u l e  f o r  hardware  development and t e s t  
- -  . 

program i s  .shown i n  F i g u r e  17: 

I n  a d d i t i o n  t o  t h i s  e f f o r t  by JPL i n  d e v e l o p i n g  PFDR c o n c e p t s  

' for  e l e c t r i c  power a p p l i c a t i o n ' s ,  work is  underway by  Sandia  (Albuquerque) 

t o  d e v e l o p  t h e  p a r a b o l i c  p o i n t - f o c l ~ s i n g  c o n c e r l t r a t o r  c o l l e c t o r  f o r  lower  

t e m p e r a t u r e  a p p l i c a t i o n s  (about 600-7500F) f o r  u s e  i n  i r r i g a t i o n  o r  t o t a l  

energy sys tems .  

Sand i a  i s  d e v e l o p i n g  two c o n c e p t s  of t h e  p a r a b o l i c  . c o l l e c t o r .  

. One i s  b e i n g  developed f o r  them by Raytheon and t h e  o t h e r  by Genera l  

E l e c t r i c .  The Raytheon c o l l e c t o r  (Ref.  5 )  i s  about  6.7 m i n  d i a m e t e r  

w i t h  a n  f / D  of 0 .45 .  It c o n s i s t s  of s p h e r i c a l  m i r r o r  segments hard  

mounted on a n .  aluminum s u b s t r u c t u r e .  ' The m i r r o r s  a r e  sagged ,  wa te r  

w h i t e  c r y s t a l  g l a s s  and back-s i lve red  t o  p r o v i d e  a  s p e c u l a r  r e f l e c t a n c e  

of abou t  0 .9 .  The c o l l e c t o r  i s  d r i v e n  i n  az imuth  and e l e v a t i o n  by dc  

s t e p p i n g  motors .  The d r i v e s  a r e  computer c o n t r o l l e d  i n  a n  open-loop . . . .. 
i n c r e m e n t a l  manner. The e l e v a t i o n  d r i v e  sys tem c o n s i s t s  of a b a l l  sc rew 

. . . . 
d r i v e n  by a  worm g e a r  r e d u c e r  from t'he s t e p p i n g , m o t o = .  . A  double-reduct ' ion  

c h a i n  d r i v e  and worm g e a r  comprise  t h e  az imuth  d r i v e  s y s t a n .  An a r t i s t ' s  
- s . . . . 

,conception of t h e  c o l l e c t o r  i s  shown i n  F i g u r e  18 .  One of t h e s e  u n i t s  i s  

p r e s e n t l y  under  test a t  Sand ia .  

The GE c o n c e n t r a t o r  i s  a  modi f i ed  s c i e n t i f i c - A l t a n t a  a n t e n n a  w i t h  

a  d i a m e t e r  of abou t  7  m. It u s e s  a lumin ized  a c r y l i c ,  FEK-244 (made by 

t h e  3 M  Company) bonded t o  a  . s o l i d  aluminum s u b s t r a t e .  The s u p p o r t  s t r u c -  . .. . , 

t u r e  i s  a  t r i p o d  t y p e  p e d e s ~ a l .  :The energy i s  focused  o n t o  a  cavi ty ' -  

t y p e  r e c e i v e r  w i t h  a { c o n c e n t r a t i o n  r a t i o  of abou t  250. An a r t i s t ' s  con- 

c e p t i b h  of a f i e l d  of t h e s e  c o l l e c t o r s  is  shown i n  F i g u r e  19 .  The c n l -  

l e c t o r  f i e l d  w i l l  power a t o t a l  energy s y s t e m n f o r  a k n i t w a r e  f a c t o r y  

i n  Shenandoah, Georgia .  A f  i v e - f o o t  p r o t o t y p e  of t h e  c o l l e c t o r  u n i t  h a s  
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F i g u r e  18. Raytheon Point-Focusing 
Concentrator  C o l l e c t o r  
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FBgure 19. General E lec tr i c  Parabolic Collectfirs (Shenandoah) 
I 



been s e n t  t o  Sandia f o r  t e s t s  (Figure 2 0 ) .  

Both t h e  Raytheon and GE c o l l e c t o r s  a r e  designed t o  c o l l e c t  thermal  

energy wi th in  a  c a v i t y  r e c e i v e r .  I n  a p p l i c a t i o n ,  t h e  energy would be 

t r anspor t ed  t o  a  c e n t r a l  po in t  f o r  conversion t o  e l e c t r i c i t y .  

I n  a d d i t i o n  t o  t h e  e f f o r t s  i n  developing PFDR concepts ,  some addi-  

t i o n a l  work is  being performed i n  t e s t i n g  and eua lua t ing  t h e  f ixed-mirror  

d i s t r i b u t e d  focus  c o l l e c t o r  concept.  This  work i s  being done both  by 

E-Systems and t h e  Un ive r s i t y  of Arizona. A photograph of a  p ro to type  

v e r s i o n  01 t h e  E-System c o l l e c t o r  i s  shown i n  F igure  21. 



Figure 20. Engineering Proto type  Col lec tor  



Figure 21. Prototype of ~i%&d-~1^rroP"~kstributed Focus Collector 
-2- 





Cost Estimates - 

No firm cost  data are yet  available fo r  the parabolic point-focusing 

co l lec tor  i n  production quant i t ies .  I n  f ac t ,  only several  of these un i t s  

have been b u i l t  t o  date.  The only c-ercially avai lable  parabolic col-  

l ec tor  i s  one produced by Omnium-G, located i n  Anaheim, Cal i fornia  (Figure 22). 

This company is  producing a 6m co l lec tor  i n  small quant i t i es  a t  a s a l e  
2 p'rice of around 1000 $/m . The co l lec tor  has an f/D of 0.67 and an e lec t ro-  

polished aluminum surface. The only other un i t s  available a re  the proto- 

type versions of the Raytheon and GE co l lec tors  discussed previously. 

Cost est imates fo r  these un i t s  i n  prototype versions are  i n  the 1000- 
2 2000 $/m range. 

Microwave antennas tha t  a re  s imilar  i n  construction are  being b u i l t  
2 fo r  500-750 $/m i n  very modest quant i t i es  (<  100 per year). 

Considerable cost  reduction i n  parabolic co l lec tors  i s  both 

necessary and probable with mass production and proper s t ruc ture  design. 

The Department of ~ n e r g y ' s  goals fo r  PFDR technology, including 

the parabolic concentrator, a re  shown i n  Table 2. The long-range goal 
2 f o r  concentrators i n  mass production i s  70-100 $/m . Present est imates 

indicate  tha t  most of the cost  of a parabolic concentrator (-80"/,) i s  

associated with those pa r t s  of the concentrator other than the surface 

( r e  the bearings, tracking mechanisms, s t ruc ture ,  and foundations). 

However, the weight and s t ruc tu ra l  s t i f f n e s s  o t  the concentrator surface 

can markedly a f f e c t  the design (thus cost)  of the other components. With 

the use of advanced concentrator surface s t ruc tu ra l  mater ia ls ,  such a s  

c e l l u l a r  glass  and high qua l i ty  r e f l ec t i ve  surfaces,  such a s  microsheet 

glass ,  a t o t a l  low cost  concentrator design i s  f e l t  possible,  one t ha t  

can meet the cos t  goals i n  mass production. 





Table 2. Cost and Performance Targets 

J 

. 
TEST AND EVALUATE 

CONCENTRATORS 

RECEIVERS 
AND ENERGY 
TRANSPORT 

POWER CONVERSION 

TARGETS FOR FY 

COST IN MASS 
PRODUCTION 

REFLECTOR EFFICIENCY 

COST IN MASS 
PRODUCTION 

EFFICIENCY 

COST IN MASS 
PRODUCTION 

EFFICIENCY 

1982 

sl00-150/m* 

W h  

$30/kWe 

80% 

$75/kWe 

25-35% 

1985 

$70-100/m* 

92% 

$20/kWe 

89% 

$60/kWe 

35-45% 
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INTRODUCTION - 

The s o l a r  c o n c e n t r a t o r ,  o r  h e l i o s t a t ,  subsystem i s  very 

i n f l u e n t i a l  i n  de t e tmin inb  economic and t e c h n i c a l  e f f e c t i v e n e s s  

o f  a  c e n t r a l .  r e c e i v e r  'POWPI:  p l a n t  .' Since  t h e  h e l i o s t a t  f ie1.d 

i s  p r o j e c t e d  t o  account  f o r  about  one-half  t h e  t o t a l  nower, 
4 

p l a n t  c o s t ,  t h e  , h e l i o s t a t  de s ign  m u s t  b e ' c a r e f u l l y  engineered 

i n  a  c o s t  e f f e c t i v e  manner f o r  t h i s  technology t o  be compe t i t i ve .  

The c o s t  of  t o t a l  annua l  . c o l l e c t e d  energy i s  one measure o f  c o s t  

e f f e c t i v e n e s s .  

F l e l i o s t a t  enqinee'r i n g ,  i s  a  r e l a t i v e l y  new f i e l ? ,  and no 

s a t i c f a c t o r y  s t a n d a r d s ' a r e  y e t  a v a i l a b l e  f o r  d e f i n i n o  he1 i o s t a t  

s p e c i f i c a t i o n s .  In  a d d i t ' i u r ~ ,  n o  long I-.~rm o ~ s r a t  i .onal  d a t a  a r e  

a v a i l a b l e  t o  a s s e s s  h e l i o s t a t  performance. The i d e a l  s p e c i f i c a t i o n s  

i n u s t  i nc lude  a  s t a t e m e n t  of  t h e  in tended use o f  h e l i o s t a t s  and t h e  

m i n i m u m  requ i rements  t o  s a t i s f y  t hose  u se s .  C u r r e n t l y ,  work i s  

underway t o  estab1ish"some c r i t e r i a  t o  d e f i n e  t h e  "qua l i ty>of  

h e l i o s t a t  performance.  The d i f f i c u l t y  i n  t h i s  t a s k  becomes appa ren t  

when t h e  i n f l u e n c e  on " q u a l i t y "  o f  f a c t o r s  such a s  time of day /year ,  

f i e l d  l o c a t i o n ,  mater i a l  : t ype ,  system c o n s t r u c t i o n ,  and environmental  

e f f e c t s  i s  cons ide red .  . 

This  paper w i l l  p r e s e n t  ati o v e r v i e w  o f  wnrk  t h a t  has been 

accomplished through s u p p o r t  o f  t h e  I!.S. Department of  Enerqy i n  

con j  u n c t . i o n  w i t h  Sandia Labora to r i e s  a t  t h e  So la r  Thermal Tes t  

F a c i l i t y  i n  Albuquerque, New Mexico a n d  the Technical Coordina-tion 

O f f i c e  f o r  t he  C e n t r a l  Power Systems Program i n  Livermore, C a l i f o r n i a .  

BACKGROUND --------- 

Responses t o  a r e q u e s t  f o r  quote  . to  provide  t h e  STTP w i th  a  
H e l i o s t a t  Array and Control  system were rece ived  from four  p o t e n t i a l  

s u p p l i e r s  i n  December o f  19'75.  A formal g rocedure  fo r  e v a l u a t i n q  

t h e  responses  was prepared w i t h  t h e  . o b j e c t i v e  of  awarding t h e  



contract to the offeror who submitted a proposal adjudged to best 

meet the requirements set forth in the RFQ and in a requirements 

specification document. 

These specifications were written with the purpose of the 

facility in mind, primarily to provide the flexibility to test 

prototype components now being developed for the DOE/Utility I 

sponsored lOMW, Pilot Plant under the Central Power System Program. 

Other applications, such as test of components and subsystems of 

advanced solar thermal systems, test of high temperature materials, 

use of concentrated solar energy for high temperature chemical 

and methllurgical processing, test of photovoltaic panels, and 

test and evaluation of prototype heliostats are included in the 

scope of work for the STTF. 

The selection of Martin Marietta as supplier of the STTF 

Heliostat Array and Control System was made after weighing 

technical quality, design flexibility, and ease of realignment 

and focusing, Items addressing technical merit that were included 

in the evaluation were performance, soundness of design, methods 

to resolve uncertainties, capability to withstand environments, 

calibration system, and focusing and alignment system. 

Concurrent with the STTF helioetat selection, a two year 

development and testing program for the heliostats to be used in 

the DOE/Utility Sponsored Pilot Plant was being conducted. Four 

contractors built and tested the heliostats shown in Figure 1. 

/ 

After a careful evaluation process, the McDonald Douglas 

design was selected as the conceptual design Tor the Pilot Plant 

application. With this particular design as the requirement, a 

request for quotation for heliostat detailed design, including 

prototypes for performance evaluation, was issued. The responses 

to this RFQ are presently being evaluated, 
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STTF HELIOSTAT - 

The STTF, capable of supplying 5MWt energy onto a target 

on the tower, uses an array of 222 heliostats in a north field 

con£ iguration. From this heliostat array, experience is being 

gained. Currently the STTF is the primary source of heliostat 

operational data. The following is a description of the STTF 

heliostat together with a discussion of the performance data 

gathered to date. 

Description 

The heliostat consists of a foundation, an azimuth drive 

module, a yoke module, and a mirror module. The mirror module 

includes the elevation drive unit as an integral part of the 

assembly. Figure 2 shows the major components of the Martin 

Marietta heliostat. 

Figure 3 depicts the STTF installation site and typifies 

the local conditions. The initial foundation design for the 

heliostats was modified and approved by Sandia Laboratories. 

Heliostat tracking and pointing requirements limit the foundation 

tilt to 0.3 mrad under a 13.5 m/s (30 mph) wind. Load criteria 

for foundation design are summarized below for a 15.2 m/s (50 mph) 

uniform wind load. 

1) Base bending moment 53,709 N'm (39,600 lbf-ft) 

2) Base Shear 14,280 N (3210 lbf) 

3) Torque 6,917 N b m  (5100 lbf-ft) 

4) Dead Load (axial) 26,690 N (6000 lbf) 

Figure 4 shows the poured in-place foundations (1.2 m high x 3 m 

diameter tapered to 1.2 m) utilizing approximately 4 cubic yards 

of concrete. 
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FIGURE 3 
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HELIOSTAT FOUNDATION INSTAL~TION 

FIGURE 4 



The mirror module features an array of 25 mechancially 

distorted mirrors rigidly mounted in a 5 x 5 symmetrical pattern 
on gimbaled frames. Each 1.22 m x 1.22 m ( 4 . 0  ft x 4 . 0  ft) square 

mirror can be individually focused and aligned on its supporting 

framework. The entire mirror module provides 37.2 m2 ( 4 0 0  ft2) 

of reflective surface and is capable of focusing an aberrated 

image of the sun on a fixed target. Figure 5 is a photograph of 

an STTF heliostat in the vertical or wash position. 

An individual mirror assembly consists of a 1.2 m square 

mirror, support ring, stablizer struts, and attachment accessories. 

The mirror consists of two sheets of 3.2 mm thick double strength 

float glass, one of which is silvered, and a po~yvinyl butyral 

(PVB) laminate. The silvered sheet has a layer of copper deposited 

on the silver and is subsequently painted prior to lamination with 

the second sheet of float glass. 

Each mirror requires a separate warping structure to achieke 

proper focusing. This technique is based on providing local 

stiffening in the form of a 1.17 m ( 4 6  in.) diameter steel hoop 

centered on the mirror and mounted on the back.' This hoop is 

securely bonded to the back of the mirror with an elastic bonding 

agent that remains flexible over wide extremes in temperature. 

This hoop is reinforced by a planar strut assembly composed of 

two square tubes welded to the hoop. These tubes, which intersect 

at the hoop/mirror centerline to form a "cross" structure oriented 

along the mirror diagonals, provide pickup and attachment points 

for the mirror. Pads with integral threaded studs are bonded to 

the mirror at the centerline. The."cross" structure, in conjunction 

with the hoop stiffener, provides the reaction structure with which 

the mirror can be warped. The hoop frame becomes the edge support 

which allows the mirror to act as a simply supported plate free 

to rotate in circular symmetry. The warping forces are applied at 

the mirror centerline through the threaded stud fastener and jamb 

nuts and at the corners by corner-push studs. 
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The az imuth  d r i v e  module i n c o r p o r a t e s  t h e  az imuth  d r i v e  

mechanism (which i n c l u d e s  a n  o p t i c a l  p o s i t i o n  encoder  w i t h  213 

a d d r e s s  l o c a t i o n s ) ,  az imuth  b e a r i n g  sys tem,  and a  mounting f l a n g e  

f o r  s e c u r i n g  t h e  e n t i r e  h e l i o s t a t  assembly  t o  t h e  f o u n d a t i o n .  

T h i s  module is t h e  f i r s t  component o f  t h e  h e l i o s t a t  assembly  t o  

be  i n s t a l l e d  i n  t h e  f i e l d .  The module is lowered o v e r  a r i n g  o f  

t h r e a d e d  anchor  s t u d s  which a r e  imbedded i n  t h e  f o u n d a t i o n .  

These s t u d s  p r o t r u d e  through a  l e v e l i n g  p l a t e  t h a t  p r o v i d e s  a 

s t a b l e  mounting b a s e .  The yoke module is lowered by c r a n e  and 

a t t a c h e d  to t h e  az imuth  d r i v e  module. The l a s t  item t o  be 

i n s t a l l e d  is t h e  m i r r o r  module. 

The h e l i o s t a t  d r i v e  sys tems  a r e  c a p a b l e  o f  maneuvering t h e  

h e l i o s t a t  a s  f o l l o w s :  

1) Azimuth, - +2.40 - + 0.44 r a d  (+137.5 - - +2.5 d e g )  

2 )  E l e v a t i o n ,  04.71 -0.09 +o + 0 * 0 0  r a d  (-270 -5 d e g ) ;  

3 )  Azimuth slew r a t e ,  13.4 rad /h r  ( 7 5 5  d e g / h r ) ;  

4 )  Azimuth t r a c k i n g  r a t e ,  1 .5  r ad /h r  ( 8 9  d e g / h r ) ;  

5 )  E l e v a t i o n  slew r a t e ,  17.82 rad /h r  (1133  d e g / h r ) ;  

6 )  E l e v a t i o n  t r a c k i n g  r a t e ,  0.84 r a d / h r  ( 4 8  d e g / h r ) .  

The yoke module is t h e  major  s t r u c t u r a l  e l ement  i n  t h e  

h e l i o s t a t  assembly  and t r a n s f e r s  wind-induced l o a d s  d i r e c t l y  

t o  t h e  az imuth  b e a r i n g s .  The v e r t i c a l  members o f  t h e  yoke mbdule 

a r e  f a b r i c a t e d  from wide f l a n g e  s e c t i o n s  welded t o  a  h o r i z o n t a l  

member f a b r i c a t e d  from s q u a r e  commercial t u b i n g .  A t  t h e  c e n t e r  

of  t h e  s q u a r e  t u b e  s e c t i o n ,  c o r r e s p o n d i n g  t o  t h e  az imuth  c e n t e r  

of  r o t a t i o n ,  a  s t e e l  t u b e  s e c t i o n  is welded and p r o v i d e s  f o r  

c e n t e r i n g  r e g i s t r a t i o n  o f  t h e  yoke module on t h e  s t u b  s h a f t  o f  

t h e  az imuth  d r i v e  module. A f t e r  t h e  yoke module h a s  been lowered 

i n t o  p o s i t i o n ,  c e n t e r e d ,  and p r o p e r l y  s e a t e d  on t h e  az imuth  module, 

t h e  t h r e a d e d  s t u d s  are  to rqued  t o  p r o v i d e  a  r i g i d ,  s e l f - c e n t e r i n g  

c o n n e c t i o n  t o  t h e  az imuth  d r i v e  u n i t .  
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The h e l i o s t a t ,  i n  i t s  normal t racking  mode, is  c a ~ a h l e  o f  

cont inuously t racking  the  sun while maintaining poin t inq  con t ro l  

t o  - + 1 .5  mrad i n  wind v e l o c i t i e s  up t o  13.5 m / s  (30 mph). 

A t  higher v e l o c i t i e s  t h e  h e l i o s t a t  w i l l  be returned t o  the  

"face-down" stowed p o s i t i o n .  Structura!  l y ,  the  h e l i o s t a t  is 

capable  of  surv iv ing  t h e  e f f e c t s  of  sus ta ined  wind v e l o c i t i e s  

of 32 m / s  (71.6 mph) w i t h  g u s t s  up t o  44.7 m / s  (100 mph) without 

permanent deformation o r  mechanical degradat ion.  

A H e l i o s t a t  Control E lec t ron ics  ( H C E )  i s  loca ted  on each 

h e l i o s t a t  and i n t e r f a c e s  w i t h  the  H e l i o s t a t  Array Control ( H A C )  

through a  ~ e l i o s t a t  I n t e r f a c e  Yodule (HIM). The UCE ~ e r f o r m s  

a l l  of  the  func t ions  necessary t o  c o n t r o l  t h e  h e l i o s t a t s  i n  t he  

slew and t r a c k  modes. The e l e c t r o n i c s  conta in  i n t e r f a c e  i s o l a t i o n ,  

d a t a  check c i r c u i t s ,  p o s i t i o n  comparators, motor d r i v e r s ,  and 

ou tpu t  da ta  formatt ing an? orocessinq l o q i c .  Fiqure 6 is a  

photograph o f  an open ACE mounted on a  h e l i o s t a t .  

The HCE i s  housed i n  a  sealed enclosure located on the  lower 

h e l i o s t a t  yoke. The c o n t r o l  e l e c t r o n i c s  c i r c u i t s  a r e  packaged on 

a  separable  subchass is  toqether  w i t h  Dower supp l i e s  mounted w i t h i n  

i t s  lower compratments. Two pr in ted  c i r c u i t  board assemblies a r e  

( i n  t h e  bas ic  conf igura t ion)  loca ted  along the  top  su r face  o t  the  

subchass is  and interconnected by an i n t e r n a l  wiring harness.  

I 

The housing i s  designed t o  ?revent  moisture ,  sand,  or  d u s t  

i n t r u s i o n .  Access t o  the  e l e c t r o n i c s  i s  provided by a removable 

cover secured w i t h  cap t ive  f a s t e n e r s .  Sealinq washers a r e  used i n  
conjunct ion with t h e  f a s t e n e r s  fo r  a  weatheroroof s e a l .  

The HCE has the  c a p a b i l i t y  f o r  1 6  opera t ion  modes. Current ly 

1 4  s p e c i f i c  func t ions  a r e  def ined .  The following l i s t  c a t e s o r i z e s  
the  funct ions  I n t o  6 c l a s s e s :  





1) S t a t u s  - UCE s t a t u s  r e tu rned  t o  HAC; 

2 )  Clear  - A l l  HCE mode r e g i s t e r s  a r e  c l e a r e d  and a l l  
motors s topped;  

3 )  Coarse t r a c k  - Slew motor of  s p e c i f i e d  a x i s  is a c t i v a t e d  
i n  c losed- loop  o p e r a t i o n  (one azimuth command, one 
e l e v a t i o n  command); 

4 )  F ine- t rack  - Track motor of s p e c i f i e d  a x i s  is a c t i v a t e d  
(one azimuth command, one e l e v a t i o n  command); 

5 )  D i r e c t  s tow - Four commands a l low s p e c i f i e d  a x i s  t r a c k  
motor t o  be  a c t i v a t e d  i n  e i t h e r  c lockwise  o r  counte r -  
c lockwise  d i r  ecliull. Only 1 imi t swi tehco  o r  c l e a r  

cammand w i l l  t u r n  t h e  motor o f f ;  
6 )  D i r e c t  slew - Faur  CUIIIIII~II~S a l low s p e c i f i e d  a x i ~  clew 

motors t o  be a c t i v a t e d  i n  e i t h e r  c lockwise  o r  counte r -  
c lockwise  d i r e c t i o n .  Only l i m i t  s w i t c h e s  o r  c l e a r  
command w i l l  t u r n  t h e  motor o f f .  

To a s s u r e  s a f e  o p e r a t i o n  of t h e  h e l i o s t a t s  f o r  both  personne l  
and equipment,  t h e  fo l lowing  f e a t u r e s  a r e  incorpora ted  i n  t h e  des ign :  

1) Po in t ing  l i m i t s  - HAC c o n t r o l  programs p rec lude  p o i n t i n g  

t h e  r e f l e c t e d  beam of  any h e l i o s t a t  toward any p o s i t i o n  
l o c a t e d  o u t  of  a  p r e s e l e c t e d  reg ion .  

2 )  L i m i t  s w i t c h e s  - L i m i t  s w i t c h e s  a r e  l o c a t e d  a t  each end 
of azimuth and e l e v a t i o n  t r a v e l  of t h e  h e l i o s t a t  axes .  
These  a r e  provided t o  avoid t w i s t i n g  ground s t r a p s  and 
a s s o c i a t e d  cab1 ing. 

3 )  Manual Cont ro l  Box - Local c o n t r o l  o f  t h e  h e l i a s t a t  is 
I 

p o s s i b l e  o n l y  when t h i s  box is connected t o  t h e  HCE u n i t .  
When it  is  connected,  HAC c o n t r o l ' o f  t h e  h e l i o s t a t  can be 
locked o u t .  

Focus and Aliqnment 

Focusing of  STTF h e l i o s t a t '  f a c e t s  is  accomplished by f i r s t  

d i v i d i n g  t h e  h e l i o s t a t  f i e l d  i n t o  7 focus ing  zones. The f a c e t s  



a r e  focused during alssernbly t o  correspond t o  the  foca l  zone i n  

which they w i l l  be i n s t a l l e d .  

The alignment subsystem c o n s i s t s  of  a  l a s e r  co l l imator  ( L / C )  

(shown i n  Figure 7 ) ,  con t ro l  and monitorinq equioment a t  the  

h e l i o s t a t ,  and a  d i sp lay  t a r q e t .  

The beam from the L/C i s  aoproximately t h e  s i z e  of  the  1 . 2  m 

square mirror f a c e t .  The c o n t r o l  system is  use3 t o  p o s i t i o n  the  

h e l i o s t a t  so t h a t  the  l a s e r  r e f l e c t i o n  from the  center  f a c e t  i s  

displayed on t h e  center  of t h e  t a r g e t .  The h e l i o s t a t  p o s i t i o n  i s  

noted and encoder b iases  a r e  recorded. For the  remaining 24 f a c e t s ,  

t he  h e l i o s t a t  i s  o r i en ted  and the  L/C i s  repos i t ioned by the  

computer t o  form the  proper geometry. Each f a c e t  i s  subsequently 
a l igned t o  r e f l e c t  t h e  l a s e r  beam t o  t h e  t a r g e t  c e n t e r .  Figure R 

shows t h i s  alignment a c t i v i t y .  

Control  

The h e l i o s t a t  poin t ing  comnands from a  preproqrammed t e s t  

sequence or  from t h e  f a c i l i t y  opera tor  a r e  analyzed by t h e  Yaster 

Control System (MCS) .and d i s l g i b u t e d  t o  t h e  h e l i o s t a t s  fo r  

execution. H e l i o s t a t  Array Con t ro l l e r s  ( H A C )  communicate w i t h  

up t o  128 h e l i o s t a t s  i n  t h e i r  j u r i s d i c t i o n .  Each HAC sends MCS 

generated commands, and HAC generated azimuth and e leva t ion  

point ing information to i ts  four associa ted  He l ios ta t  I n t e r  face  

Modules (HIM) t o  be t ransmi t ted  t o  t h e  a p p r o m i a t e  h e l i o s t a t s .  

Each h e l i o s t a t  r ece ives  an aiming vector  update once every second 

and responds w i t h  i t s  own s t a t u s .  The HACs a l s o  process  a l a r q  

messages such a s  t racking  or  communication e r r o r s .  

The commands and  d a t a  t ransmi t ted  t o  t h e  ind iv idua l  h e l i o s t a t s  
a r e  received and executed by t h e  H e l i o s t a t  Control E lec t ron ics  ( B C E ) .  

The HCE provides power t o  t h e  d r i v e  motors u n t i l  t h e  pos i t ion  
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encoders i n d i c a t e  t h a t  the appropr ia te  h e l i o s t a t  a t t i t u d e  has been 
a t t a i n e d .  The .RCE and h e l i o s t a t  motors then awai t  the  next  comnand. 

Fiqure 9 shows t h e  f a c i l i t y  operator  console w i t h  video 
d i s p l a y s .  ~ i g u r e  1 0  shows a  c loseup of t h e  h e l i o s t a t  f i e l d  s t a t u s  
d i s p l a y  w i t h  t h e  infof  mation a v a i l a b l e  t o  the  f a c i l i t y  opera tor .  

YRLIOSTAT ---- P E R F O R ~ A N C E  - 

Maintenance - _ _  and ~ q a i r  _- 

Although the  STTF , i s  n o t  y e t  f u l l y  o p e r a t i o n a l ,  night t ime 
. b e l i o s t a t  ope ra t ion  h a s  been i n  progress  f o r  about 8 months. The 

purpose o f . t h e s e  opera t ions  is t o  ob ta in  exnerience w i t h  f a i l u r e  

mechanisms and t o  incur  any inherent  i n f a n t  m o r t a l i t y  i n  the  

h e l i o s t a t  hardwate. Fiqure 11 Dresents a  summary of the  cumulative 
he l ios ta t -hour  s of  opera t ion ,  percent  of  f i e l d  oae ra t iona l  w i t h  

t ime,  and a  rough breakdown of t h e  types of f a i l u r e s  encountered 
thus  f a r .  

Azimuth and e l e v a t i o n  d r i v e  f a i l u r e s  have been p r imar i ly  r e l a t e d  
t o  o p t i c a l  encoder f a i l u r e s .  Most of  these  encoder f a i l u r e s  a r e  due 

t o  an adjustment f a u l t  i n  the  encoder alignment and have been 
cor rec ted  on h e l i o s t a t s  t h a t  have ' f a i l ed .  HCE wroblems involve 
mainly component f a i l u r e s .  To d a t e  a  r e l a t i v e l y  l a r q e  number of 
i n t e r m i t t e n t  f a i l u r e s '  have been encountered. These f a i l u r e s  a r e  

observed t o  be seasonal  ( l a r g e r  percentage i n  colder  months) which 
sugges ts  some temperathte dependence. Other f a i l u r e  causes include 
i tems t h a t  have been i d e n t i f i e d  a s  design d e f i c i e n c i e s  ( i . e . ,  
inadequate s e a l i n g ,  connector f a i l u r e s ,  e t c .  ) and se rve  t o  g ive  

inpu t  t o  those a r e a s  r equ i r ing  engineerinq a t t e n t i o n .  I n  p a r t i c u l a r ,  

moisture  and t h e  r e s u l t i n g  r u s t  on t h e  metal s u r f a c e s ,  has  been 
found i n  almost a l l  o f  the  h e l i o s t a t s  which have f a i l e d .  



:* OPERATOR CONSOLE JAN.  
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It is anticipated that correction of these and similar 

problems and a continued decrease in failures due to infant 

mortality will improve the field operational status in the future 

to 95%. (It should be noted that these data are for STTF heliostats 

only and cannot be directly translatable' to other type heliostats.) 

Reflectivity 

The STTF reflectivity program has been initiated to address 

the probleme of reflectance losses due to environn~e~~tal influences. 

Since it was necessary to detect small changes in reflectivity, 

an accurate technique for reflectivity measurements was required. 
A technique that is described in a forthcoming publication entitled ' 

Specular Reflectance Loss of Solar Mirrors Due to Dust Accumulation 

by R. B. pettit, J. B. Freeze, and D. E. Arvizu of Sandia Laboratories 

was adopted. This technique utilizes a bidirectional reflectometer 

which allows investigation of both wavelength dependence and surface 

specularity. Preliminary testing on STTF mirror samples indicated 
that a simplified measurement technique could be used to characterize 

solar average reflectance at a sample location. This measurement 

technique includes reflectivity measurements at only 1 or 2 wave- 

lengths per sample location which greatly reduces the number o1 
measurements required in the reflectivity program. This program 

includes 54 6-inch flat mirror samples mounted on heliostats and 

distributed throughout the STTF field, see Figure 12. Work is 

progressing to determine the statistical requirements (number of 

random locations necessary) ta characterize an entire mirror surface 

based on measured reflectivity variances and a specitic source beam 

diameter. 

The parameters under investigation include reflectivity 

degradation as a function of time, tield location, and stowage 

orientation; influences on reflectivity by natural.cleaning phenomena, 

cleaning agents, and wash/rinse procedures. 





There is a vast amount of work still necessary to develop 

optimum cleaning procedures. However, in the interest of acquiring 

data and developing experience with a specific technique, it was 

decided to commit, at least initially, to a high pressure water/ 

detergent application technique. This decision was based on 

testing done at the STTF where mirror samples were cleaned using 

a 300 psi and 3 GPM water stream with several detergents and 

solvents. This testing indicated that with a high pressure appli- 

cation technique it was possible to recover a high percentage 

(80 - 90%) of the reflectance loss due to short term environmental 
intluences. uuvfng a recent t r i p  to Trltan Curpuratiuti uT BuusLurl, 

Texas (contracted to supply STTF with a mirror washing vehicle) 

some dirty mirror samples were subjected to SUU, ISUU, and l U , U 0 0  

psi tap water streams. Reflectivity tests showed that there were 

no significant differences in recovered losses with these three 

pressures. All recovered about 95% of the original 0.81 average 

solar reflectance. 

Figure 13 shows the influence on average solar reflectance 

of stowage orientation with time. These data show that a "face-down" 

stowage is not as influenced by environmental conditions as the 

"face-south," or "face-up" stowage orientation. It should be noted 

that in this test the mirror samples remained in their respective 

stowage orientation over the entire test period. 

Beam Characterization System 

As part of the STTF heliostat evaluation program a Beam 

Characterization System (BCS) is under development. Several 

alternatives have been and continue to be investigated. Work 

that is underway specifically addresses evaluation of the 10MWe 

Pilot Plant heliostat prototypes. 

As a measurement of beam "quality", the BCS will verify that 

a heliostaf can concentrate reflected energy within a specified 
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area. .  T h i s  w i l l  be accomplished by f i r s t  c a l c u l a t i n g  the  

t h e o r e t i c a l  beam shape f o r  t h e  given geometry and t e s t  condi t ions  

using the Sandia provided HELIOS program. A 1 . 4  mrad f r i n q e  w i l l  

be added t o  t h i s  t h e o r e t i c a l  beam shape and then a  com~ar i son  

t o  the  beam shape measured by the  BCS w i l l  be made. 

The proposed R C S  technique i s  b a s i c a l l y  a  r e f ined  vers ion  of 

a  widely used video camera base3 thermal or radiometr ic  imaging 
system t h a t  i s  complimented w i t h  a  video d i g i t i z e r  and a  comouter 

i n t e r f a c e .  The necessary ref inements  involve 1) the  techniques 

used i n  c a l i b r a t i n g  t h e  video gray  s c a l e  l e v e l s ,  2 )  the determinat ion 

of the  r e l a t i o n  between the  video output  l e v e l  and the  a c t u a l  hea t  

f l u x  d e n s i t y  i n c i d e n t  on t h e  t a r g e t ,  and 3 )  in arriving a t  a 

s p a t i a l  c a l i b t a t i o n  t o  r e l a t e  the  d i s t a n c e  between d i g i t i z e d  scan 

l i n e s  t o  t h e  corresponding d i s t a n c e  on the  beam t a r g e t .  Once the 

d i g i t i z e d  a r r a y  of data h a s  been determined using a ~ p r o p r i a t e  

c a l i b r a t i o n  techniques,  then the  d a t a  can be manipulated i n  an 

assoc ia ted  computer system t o  g ive  the following outputs :  3-D f l u x  

d e n s i t y  p l o t s ,  t o t a l  power l e v e l ,  beam cen t ro id  l o c a t i o n ,  point ing 

and t racking  accuracy de terminat ion ,  and power w i t h i n  a  given 

. rad ius  from the  c e n t r o i d .  

T h i s  technique has  a g r e a t  dea l  of v e r s a t i l i t y  a s  w e l l  a s  

p o t e n t i a l  f o r  a  high degree of accuracy and p rec i s ion .  Fdvantaqes 

inc lude  a  wide range of t a r g e t  i n t e n s i t y  measuring c a p a b i l i t y  

(accomplished by adding appropr ia t e  n e u t r a l  d e n s i t y  f i l t e r s  t o  the  

camera),  p o s s i b l e  use of the  system a s  a he l . ios t a t  alignment t o o l ,  
and poss ib le  use fo r  i n f r a r e d  scanning of r e c e i v e r s  a s  a  check for  

hot spots .  

A second technique t h a t  i s  under s tudy is  a  ohotoqraphic 

technique t h a t  u t i l i z e s  appropr ia t e ly  se lec ted  f i lm t h a t  can 

subsequently be d i g i t i z e d  i n  a manner s imi la r  t o  the  video qenerated 

d a t a  using a  photodensitometer. A l i n i t a t i o n  of t h i s  technique i s  

i ts  i n a b i l i t y  t o  process  d a t a  i n  r e a l  time. 



A t h i r d  a l t e r n a t i v e  fo r  a  RCS involves the  use of c i r c u l a r  
f o i l  heat  f lux  gages. Since t h e  c o s t ,  c a l i b r a t i o n ,  and maintenance 

of a  2-dimensional a r r a y  of qages i s  untenable ,  an instrumented 

sweeping bar technique has been inves t iga ted .  To demonstrate t h i s  

technique the STTF has developed a  Cal-bar system designed t o  
measure s i n g l e  h e l i o s t a t  f lux  d e n s i t y  p r o f i l e s .  The measurement 

hardware requ i res  the  use of a  ground t a r g e t  and t h u s  introduces 

c o n s t r a i n t s  i n  the  h e l i o s t a t  o r i e n t a t i o n s  t o  be t e s t e d .  

The measurement procedure involves e i t h e r  sweeping the  

instrumented bar h o r i z o n t a l l y  ac ross  a  beam projec ted  onto a  

ground t a r g e t  or sweeping the  beam ac ross  a  s t a t i o n a r y  bar .  The 

instrumented bar is approximately 5 meters i n  length  and can 

accomodate 6 4  gagks spaced a t  7.6 cm ( 3  i n . )  i n t e r v a l s .  The bar 

is water cooled t o  keep the  gages within t h e i r  s p e c i f i e d  opera t inq  

range during measurements. 

The hea t  f lux  gages used a r e  the  c i r c u l a r  f o i l  type covered 
2 

w i t h  a  quar tz  window. Their ranges a r e  0 . 1  w/cm and 0 .2  w/cm 
2 

f u l l  s c a l e  with l i n e a r  response over the  e n t i r e  s p e c t r a l  and thermal 

range and they have a  nominal response time of 250 mil l iseconds.  

Beam Measurements 

Several  t e s t s  u t i l i z i n g  the  Cal-bar have been conducted on 
f a c i l i t y  h e l i o s t a t s ,  I n  these  t e s t s ,  t h e  h e l i o s t a t  beams were 

swept ac ross  the bar t o  e l imina te  t racking  inf luences .  Figure 1 4  

shows  the  Cal-bar i n  pos i t ion  with a  h e l i o s t a t  beam j u s t  p r i o r  t o  

sweep. Fiqure 1 5  p resen t s  some d a t a  from t h i s  device i n  the  form 

of a  t y p i c a l  h e l i o s t a t  beam contour p l o t .  

A s e r i e s  of 6  t e s t s  was run. Three h e l i o s t a t s ,  s e l ec ted  alonq 

the  nor theas t  edge of t h e  f i e l d ,  were measured both with alignment 
condi t ions  matched and mismatched t o  the  run condi t ions .  ( i . e . ,  

a l igned fo r  day 3 4 4  measured on day 56 and al igned f o r  day 70 
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measured on day 77.) Improvement of reflected energy into a 

specified area, primarily a 12 mr circle, was detected to be only 

a few percent from the matched alignment conditions to the mismatched 

alignment conditions. One heliostat was measured before and after 

cleaning. No difference was detected, however a heavy thunderstorm 

had "naturally cleanedn the test heliostats (which were stowed in 

the vertical wash position) prior to testing the uncleaned condition. 

Since the accuracy of the measurement system (including the changing 

environmental conditions during the 20 second bar sweep) is on the 

order of lo%, differences of less than this are difficult to quantify. 

HELIOS Comparisons 

One of the important tasks at hand in the heliostat evaluation 

program development is the verification of the computer code HELIOS. 

For the test conditions described in the Cal-bar tests, HELIOS pre- 

dictions were made. Figure 16 is a 3-D contour plot of the prediction 

for the test run displayed in Figure 15. A horizontal cross section 

corresponding to gage 15 (see Figure 15) and a vertical cross section 

corresponding to scan 12 (see Figure 15) were plotted and are 

displayed in Figure 17. Utilizing all six test conditions, the 

error input to HELIOS was adjusted to give the "best fit" on all 
data. This error distribution half angle was found to be 2 mrad. 

Close scrutiny of the data shows that there is a slight ellipticity 

of the measured beam shape that is not accounted for in the HELIOS 
circular normal error distribution input. A technique for specifying 

a 2-dimensional, elliptic normal, error distribution into HELIOS 

has been completed and the code is currently being modified tu 
include this capability. (Again, the accuracy nf t.he measurements 

will only allow qualitative statements about beam ellipticity and 

handling of 2-dimensional error distribution inputs into HELIOS to 

be made. 1 
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SUMMARY 

The importance of the heliostat subsystem in power plant 

application has made it necessary to devote much attention to 

heliostat engineering. The intended use of a heliostat array 

figures as an important input to its design requirements. 

"Quality and performance1' must be defined with respect to the 

subsystem requirements. 

e 
The STTF is currently one of the largest sources of heliostat 

performance data. Operational experience is being gained that will 

develop expertise in this relatively new field. Failure mechanisms 

are beginning to be identified and this input to new designs is 

judged to be significant in improving maintenance and repair 

intervals. 

In addition, the heliostat evaluation program that is 

currently underway has promoted development of a versatile Beam 

Characterization System that will provide information concerning 

heliostat "quality and performance." The use of this measurement 

tool, together with the computer code HELIOS will establish a 

good basis for heliostat evaluation of not only the DOE/Utility 

sponsored 10MWe Pilot Plant prototypes, but also many new and 

advanced heliostat, or concentrator, subsystems. 
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E s s e n t i a l l y  a l l  o f  t h e  more than  1000 space s a t e l l i t e s  t h a t  have been 

launched u t i l i z e  p h o t o v o l t a i c  power systems. P h o t o v o l t a i c s  has proven 

i t s e l f  as a  h i g h l y  r e l i a b l e ,  p r e d i c t a b l e  system i n  these  a p p l i c a t i o n s .  They 

a r e  a l s o  t h e  lowes t  c o s t  systems compared w i t h  t h e  o t h e r  a l t e r n a t i v e s  f o r  

space power.systems. For  t e r r e s t r i a l  a p p l i c a t i o n s ,  however, p h o t o v o l t a i c  

power systems a r e  u s u a l l y  v e r y  expensive compared t o  t e r r e s t r i a l  a l t e r n a t i v e s .  

The most expensive p a r t  o f  these  power systems i s  i n  t h e  s o l a r  c e l l s  used 

which a r e  t h e  a c t u a l  d i r e c t  conve r te r s  o f  s u n l i g h t  t o  e l e c t r i c i t y .  I t  would 

seem t h a t  cheaper c o s t  p e r  u n i t  area c o n c e n t r a t i o n  dev ices  c o u l d  be used i n  

c o n j u n c t i o n  w i t h  t h e  more expensive c e l l s  t o  produce l owe r  c o s t  e l e c t r i c i t y .  

Dur ing  t he  1960 's  b e f o r e  t h e  p resen t  blossoming o f  s o l a r  a c t i v i t i e s ,  a  

number o f  s t u d i e s  were conducted t o  i n v e s t i g a t e  c o n c e n t r a t i o n  p h o t o v o l t a i c s  

( 1 6 ) .  Most o f  t h i s  a c t i v i t y  was due t o  E. L. Ralph o f  Spect ro lab,  I n c .  I n  

1963 a  j o i n t  Spec t ro l ab /Un i ve rs i t y  o f  Wisconsin program..produced a  smal l  

s o l a r  c e l l  c o n c e n t r a t i o n  system. A 5x4 cm a r r a y  o f  8  ser ies-connected c e l l s  

was mounted on a  copper t u b i n g  subs t ra te .  Th i s  a r r a y  was t e s t e d  outdoors i n  

s u n l i g h t  us i ng  a  6 '  square h e l i o s t a t  and a  4 '  d iameter  p a r a b o l i c  r e f l e c t o r  

s h e l l .  The i n d i v i d u a l  c e l l s  i n  t h i s  a r r a y  had q u i t e  good e f f i c i e n c i e s  and 

showed an optimum e f f i c i e n c y  o f  about 12 112% a t  about  3-5 suns concen t ra t i on .  

The e i g h t  c e l l  a r r a y  was used t o  opera te  a  smal l  wa te r  pump and produced 1.1 

amps a t  3  v o l t s  w i t h  a  s o l a r  i n s o l a t i o n  o f  about  55 suns. A  second gene ra t i on  

system u t i l i z i n g  an a r r a y  o f  18 ser ies-connected c e l l s  which were each 1x2 cm, 

was capable o f  p roduc ing  50 wa t t s  a t  a  c e l l  o f  25OF a t  about 280 suns con&- 

t r a t i o n .  A l though these  e a r l y  s t u d i e s  were o f  ve ry  l i m i t e d  scope and u t i l i z e d  

s o l a r  c e l l s  o f  crude des ign  they  never the less  p rov ided  impo r tan t  i n f o r m a t i o n  

on c r i t i c a l  des ign parameters.  P r o j e c t i o n s  were made o f  c o s t  r educ t i ons  down 

t o  about $10/peak w a t t ' f o r  concen t ra ted  photovol  t a i c  systems compared w i t h  

over  $100/peak w a t t  f o r  t h e  f l a t  p l a t e  a r r a y  systems a v a i l a b l e  a t  t h a t  t ime.  

A more ex tens i ve  i n v e s t i g a t i o n  was i n i t i a t e d  i n  January 1974 as a  j o i n t  

i n v e s t i g a t i o n  by  Ar izona  S t a t e  U n i v e r s i t y  and Spect ro lab,  I n c .  ( 7 ) .  The 

purpose of  t h i s  i n v e s t i g a t i o n  was t o  determine how t o  des ign  c e l l s  f o r  h i g h  



concen t ra t i on  and t o  i d e n t i f y  t he  l i m i t s  o f  t h e  c e l l  o r  any o the r  o f  t he  

components of t h e  system. A t  t h a t  t ime i t  was genera l l y  thought  t h a t  

i nc reas ing  t h e  s u n l i g h t  i n t e n s i t y  s i g n i f i c a n t l y  above one sun on s i l i c o n  

c e l l s  would s e r i o u s l y  degrade t h e i r  performance. A lso  the  techn ica l  problem 

o f  heat  removal had n o t  been s e r i o u s l y  addressed. The excess heat  generated 

when s u n l i g h t  i s  concentrated on c e l l s  w i l l  tend t o  cause the c e l l  tempera- 

t u r e  t o  increase which decreases t h e  e l e c t r i c a l  ou tpu t  o f  the  c e l l .  E i t h e r  

t h i s  energy must be removed f rom t h e  c e l l  and d i ss ipa ted  i n t o  t h e  atmosphere 

o r  u t i l i z e d  f o r  some low temperature thermal app l i ca t i ons .  

The S r ~ v e s t i  ga t lons  a t  ASU on concent ra t ion  photovol t a i c  sys tems has been 

con t i nuous l y  funded s ince  ,Janirary 1974 through sponsorship by NSF, ERDA, and 

now DOE. The encouraging r e s u l t s  t h a t  have come from t h i s  and o the r  s tud ies  

have l e d  t o  a  f a i r l y  s u b s t a n t i a l  p a r t  o f  t h e  na t i ona l  pho tovo l ta i c  program 

be ing  devoted t o  p h o t o v o l t a i c  concent ra t ion  systems. Sandia Labora tor ies  i n  

Albuquerque, NM has t h e  program r e s p o n s i b i l i t y  f o r  pho tovo l ta i c  concent ra t ion  

systems i n  the  n a t i o n a l  program f o r  DOE. 

The Uniqueness and P r i n c i p l e s  o f  Photovol t a i  cs 

There are  several  major  d i f f e rences  i n  t he  cons idera t ions  one must make 

when designing p h o t o v o l t a i c  concent ra tor  systems as opposed t o  solar- thermal  

concen t ra t i on  systems. The two major concerns a r e  i n  heat r e t e n t i o n  i n  the  

r e c e i v e r  and s e n s i t i v i t y  o f  t he  s o l a r  c e l l  response t o  the  spec t ra l  content  

o f  s u n l i g h t .  In a  thermal concent ra t ion  system one i s  i n t e r e s t e d  i n  ob ta in -  

i n g  h i g h e r  temperatures than f l a t  p l a t e  c o l l e c t o r s  and one would 1 i ke t o  

c o l l e c t  t h e  f l u i d  a t  as h igh  a  temperature as poss ib le  w i thou t  s i g n i f i c a n t  

s a c r i f i c i n g  o f  e f f i c i e n c y .  However i n  photovol t a i c  rece i ve rs  i t  i s  des i red  

t o  keep t h e  temperature as low as poss ib le  f o r  maximum e l e c t r i c a l  output .  

The c h a r a c t e r i s t i c s  o f  s o l a r  c e l l s  a re  such t h a t  t h e  e f f i c i e n c y  e s s e n t i a l l y  

l i n e a r l y  decreases w i t h  i nc reas ing  temperatures. O f  course i f  one would wish 

t o  u t i l i z e  the  thermal energy removed from the  c e l l s  f o r  some use fu l  purpose 

then one must make a  t r a d e  o f f  o f  t he  usefulness o f  t he  r e j e c t e d  f l u i d  tem- 

pe ra tu re  and t h e  e l e c t r i c a l  ou tpu t  o f  t h e  c e l l s .  The second major d i f f e r e n c e  

i n  pho tovo l ta i c  concen t ra t i on  systems concerns the  spec t ra l  content  o f  t h e  

energy. Whereas a  good f l a t  b lack  absorber w i  11 absorb thermal energy 

e q u a l l y  e f f i c i e n t l y  f o r  a l l  wavelengths, pho tovo l ta i c  devices a r e  very  sensi -  

t i v e  i n  t h e i r  spec t ra l  'response c h a r a c t e r i s t i c s .  I n  o rder  t o  apprec ia te  t h e  

dependence o f  s o l a r  c e l l s  on spec t ra l  content ,  and how the  design o f  t he  . 



c o l l e c t o r  may in f luence spec t ra l  content,  one must understand . the  bas ic  

p r i  n c i  p l  es governing photovol t a i  c  devices. The f o l  1  owing t u t o r i  a1 d iscuss ion  

on t h e  basics of p h o t ~ v o l t a i c s  i s  e s s e n t i a l l y  t h a t  i n  Ref. 8. 
'. The photovol t a i c  e f fec t  i s  de f ined as the  generat ion o f  an e l e c t r o -  

mot ive f o r c e  as r e s u l t  o f  t h e  absorp t ion  o f  i o n i z i n g  r a d i a t i o n .  Energy 

convers ion.devices which a r e  used t o  conver t  s u n l i g h t  t o  e l e c t r i c i t y  by use 

o f  the pho tovo l ta i c  e f f e c t  a re  c a l l e d  s o l a r  c e l l s .  The pho tovo l ta i c  e f f e c t  

can be observed i n  a  v a r i e t y  o f  ma te r i a l s ,  b u t  t he  ma te r ia l s  t h a t  have shown 

the  bes t  performance i n  s u n l i g h t  a r e  the  semicondu~tors .  The ma te r ia l  which 

has been used f o r  t he  vas t  m a j o r i t y  o f  s o l a r  c e l l s  t o  da te  i s  t he  semi- 

conductor s i l i c o n .  When photons from the sun a re  absorbed i n  the  semi- . . 
conductor they c rea te  f r e e  e lec t rons  a t  h igher  energies than the  e lec t rons  

which prov ide  the  bonding i n  t he  base c r y s t a l .  Once these f r e e  e lec t rons  are  

created the re  must be an e l e c t r i c  f i e l d  t o  induce these h igher  energy e lec t rons  

t o  f l o w  o u t  o f  the semiconductor t o  do use fu l  work. The e l e c t r i c  f i e l d  i n  

most s o l a r  c e l l s  i s  prov ided by j unc t i ons  o f  m a t e r i a l s  which have d i f f e r e n t  

e l e c t r i c a l  p roper t ies .  These two m a t e r i a l s  may be t h e  same base ma te r ia l ,  

such as s i l i c o n ,  b u t  t r e a t e d  i n  d i f f e r e n t  ways .such t h a t  t h e  e l e c t r i c a l  

p r o p e r t i e s  are  d i f f e r e n t  f rom one s ide  o f  t he  s i l i c o n  t o  the -o the r .  

E lec t rons  i n  i s o l a t e d  atoms can e x i s t  o n l y  a t  d i s c r e t e  o r  quant ized 

energy l e v e l s .  Furthermore, t he  Pau l i  exc lus ion  p r i n c i p l e  l i m i t s  the number 

o f  e lec t rons  t h a t . c a n  e x i s t  a t  any a l lowed energy l e v e l .  When atoms a re  

brought c lose  together ,  as i n  a  c r y s t a l ,  so t h a t  t h e i r  p o t e n t i a l  ' f unc t i ons  

overlap, t he  exc lus ion  p r i n c i p l e  s t i l l  holds and the  energy l e v e l  must s p l i t  

and form c l u s t e r s  o f  acceptable energy l e v e l s .  These c l u s t e r s ,  o r  bands, 

cons i s t  o f  a  l a r g e  number o f  c l o s e l y  packed d i s c r e t e  energy l e v e l s .  There 

a re  as many l e v e l s  i n  t he  bands as the re  a re  atoms i n  the  c r y s t a l  and as 

many.bands as the re  are  energy l e v e l s  i n  an i s o l a t e d  atom of t h a t  m a t e r i a l .  

Since the re  may be 1 0 ~ ~  atoms i n  a  c r y s t a l ,  t h e  a l lowed energy l e v e l s  w i t h i n  

t h e  bands can be considered as cont inuQus. The energ; o f  t he  e lec t rons  i n  the  

ma te r ia l  can be represented on a  one-dimensional energy diagram (F ig .  1  ) 

showing var ious ranges o f  energies t h a t  e lec t rons  a re  a l lowed t o  have, and 

the  ranges o f  energies i n  between t h e  a l lowed bands where e lec t rons  a re  

forbidden. t o  e x i s t .  The energy widths o f  these a l lowed and forb idden bands 

depend on the  p a r t i c u l a r  ma te r i a l  and i t s  atomi'c spacing. 

The number o f  e lec t rons  i n  a  ma te r i a l  i s  a .small percentage o f  t he  a l lowed 
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F i g .  1 .  One-dimensional  ene rgy  b3nd diagrams f o r  . 
d i f f e r e n t  t y p e s  o f  m a t e r i a l s .  ( a )  I n t r i n s T c  i , ~ s u l a t o r  
o r  semi c o n d u c t o r  a t  0°K; ( 6 )  i n t r i n s i c  semidonctor  
a t  T 0°K; ( c )  m e t a l  o r  good c o n d u z t o r  a t  c°K; ( d )  
c o n d u c t o r  a t  T O°K. 
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F i g .  2. E x ~ r i n ' s i ~ ~ ~ s e r n i c o n d u c t o r  m a t e r i a l s .  n - t ype  
m a t e r i a l  r e s u l t s  f rom i m p u r i t i e s  w i t h  excess e l e c t r o n s  
t h a t  can be dona isd  t o  t h e  c o n d u c t i o n  band. p - t y p e  
m a t e r i a l  r e s u l t s  f r o m  i m p u r i t i e s  w i t h  a  . d e f i c i e n t  number 
o f  e l e c t r o n s  w h i c i  c a i  a c c e p t  e l e c t r o n s  f rom t h e  
va lence  band. ( a )  n- t y p e  e l e c t r o n  c o n d u c t o r ;  ( b )  p - t y p e  
h o l e  c o n d u c t o r .  



energy l o c a t i o n s  t h a t  a r e  a v a i l a b l e .  The e l e c t r o n s  a r e  c o n s t a n t l y  seek ing 

t he  lower  energy l e v e l s  b u t  a r e  c o n s t a n t l y  be ing  e x c i t e d  t o  h i g h e r  s ta tes ,  

,by i n t e r a c t i o n s  such as w i t h  phonons and photons. Fo r  most cases t h e  e l e c t r o n  

d i s t r i b u t i o n  i n ,  t h e  a l lowed l e v e l s  can be descr ibed  by the Fermi f u n c t i o n .  

App ly ing  t h e  Fermi-Di rac s t a t i s t i c s ,  t h e  p r o b a b i l i t y  f (E) t h a t  a  s t a t e  o f  

energy E i s  occupied by an e l e c t r o n  i s  g i v e n  by 

where f (E) i s  t h e  Fermi f u n c t i o n ,  E t h e  energy o f  an a l lowed s t a t e ,  Ef t h e  

Fermi energy, k  Bol tzmann's cons tan t ,  and T  t h e  abso lu te  temperature.  A t  

room temperature t h e  p roduc t  o f  kT i s  equal t o  about  0.025 eV. The Fermi 

energy o r  Fermi l e v e l  i s  by d e f i n i t i o n  t h e  energy a t  which t h e  p r o b a b i l i t y  o f  

a  s t a t e  be ing  f i l l e d  i s  e x a c t l y  one-ha l f .  Another way o f  l o o k i n g  a t  i t  i s  

t he  h i g h e s t  energy s t a t e  an e l e c t r o n  can have a t  O°K. Perhaps t h e  most 

impo r tan t  c h a r a c t e r i s t i c  o f  t h e F e r m i l e v e 1  i s  t h a t ,  i n  thermodynamic e q u i l i b r i u m ,  

I t  i s  always cont inuous across t h e  c o n t a c t  between two m a t e r i a l s .  

The d i s t r i b u t i o n  o f  e l e c t r o n s  i n  t h e  outermost  o r  h i g h e s t  energy bands 

determine most o f  t h e  e l e c t r i c a l  and thermal p r o p e r t i e s  o f  t h e  m a t e r i a l .  Th i s  

i s  s i m i l a r  t o  t h e  outermost  e l e c t r o n s  i n  an atom, t h e  valence e l e c t r o n s ,  t h a t  

mos t l y  determine t h e  atom' s  chemical  c h a r a c t e r i  s t i c s  . I f  a  c r y s t a l  ( f o r  

example, most me ta l s )  con ta ins  an outermost  band which i s  p a r t i a l l y  f i l l e d ,  

an e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  can s h i f t  t h e  occupat ion  o f  t h e  energy 

l e v e l s  and cause a  c u r r e n t  t o  f l ow .  I f  a  band o f  energy s t a t e s  i s  comple te ly  

empty, t h e r e  can, o f  course, be no c o n t r i b u t i o n  t o  an e l e c t r i c  c u r r e n t  by 

t h a t  band. S i m i l a r l y ,  i f  a  band i s  comple te ly  f i l l e d ,  t h e r e  can be no c o n t r i -  

b u t i o n ' t o  an e l e c t r i c  c u r r e n t  by t h e  band. These m a t e r i a l s  a r e  t h e n  good 
I 

e l e c t r i c a l  i n s u l a t o r s  (see F i g .  1  ). 

The h i g h e s t  occupied band corresponds t o  t h e  ground s t a t e  o f  t h e  o u t e r -  

most o r  va lence e l e c t r o n s  i n  t h e  atom. For  t h i s  reason t h e  upper occupied 

band i s  c a l l e d  t h e  va lence band. I n  an i n s u l a t o r ,  t h e  va lance band i s  f u l l .  

I n  a d d i t i o n ,  t he  w i d t h  o f  t h e  f o rb i dden  energy gap between t h e  t o p  o f  t h e  

va lence band and t h e  n e x t  a1 lowed band, c a l l  ed t h e  conduc t ion  band, i s  so 

l a r g e  t h a t  under o r d i n a r y  c ircumstances a  va lence e l e c t r o n  can accep t  no 

energy a t  a l l  f rom an a p p l i e d  f i e l d ,  because t h e r e  a r e  no empty a l l owed  s t a t e s  

access ib l e  t o  It. Semiconductors a r e  s i m i l a r  t o  i n s u l a t o r s ,  excep t  t h a t  i n  



semiconductors the  fo rb idden gap i s  much narrower. For example, alumina 

(A1203) a t  room temperature has an energy gap ( E  ) o f  10 eV w h i l e  t he  semi- 
9  

conductor germanium has an energy gap o f  o n l y  0.7 eV. I n  a  semiconductor a t  

room temperature, ' t hough  t h e  valence band i s  f u l l ,  some e lec t rons  have 

enough thermal energy o r  may rece i ve  enough energy from l i g h t  so t h a t  they 

may jump the  narrow fo rb idden energy gap i n t o  the  empty conduct ion band. The 

h ighe r  t he  temperature o r  t h e  h igher  t he  i n t e n s i t y  o f  t he  l i g h t  source, t he  

l a r g e r  t h e  number o f  e l e c t r o n s  t h a t  w i l l  be exc i t ed  across t h e  gap. (Recal l  

t he  Fermi f u n c t i o n . )  The e lec t rons  t h a t  a r e  so r a i s e d  a re  then f r e e  t o  accept 

e l e c t r i c a l  energy from an app l i ed  f i e l d  and t o  move through the  c r y s t a l .  I n  

a d d i t i o n ,  the s i t e s  o r  "holes"  l e f t  vacant i n  t h e  valence hand kecorne charge 

c a r r i e r s  themselves. An e l e c t r o n  near a  ho le  can jump i n  and f i  11 i t ,  leav ing  

a  new h o l e  i n  t h e  p lace i t  had occupied, and t h i s  i n  t u r n  can be f i l l e d  by a  

neighbor, and so on. Current  i s  a c t u a l l y  c a r r i e d  by e lec t rons  moving i n  

r e l a y s  b u t  i t  can e q u a l l y  w e l l  be p i c t u r e d  as a  f l o w  o f  p o s i t i v e l y  charged 

ho les  moving i n  t he  oppos i te  d i r e c t i o n .  Thus conduct ion i s  done by both 

e l e c t r o n s  and holes. When t h e  conduct ion o f  c u r r e n t  i s  due o n l y  t o  those 

e l e c t r o n s  e x c i t e d  up from t h e  valence band t o  t h e  conduct ion band, the  ma te r ia l  

i s  c a l l e d  an i n t r i n s i c  semiconductor. 

Any d i s r u p t i o n  o f  t h e  p e r f e c t  c r y s t a l  w i l l  d i s t u r b  the  p e r i o d i c i t y  o f  

t h e  system and r e s u l t  i n  a d d i t i o n a l  energy l e v e l s  w i t h i n  and.between the  

a l lowed bands. Imper fec t ions  i n  c r y s t a l s  u s u a l l y  come from f o u r  sources: 

(1  ) f o r e i g n  atoms s u b s t i t u t e d  i n t o  1  a t t i c e  s i t e s  ; 

(2 )  vacant l a t t i c e  s i t e s  and i n t e r s t i t i a l  atoms; 

(3 )  di .s locat ions o f  t h e  c r y s t a l  ( o r  ga in  boundaries);  

( 4 )  t h e  c r y s t a  I sur face.  

The technology f o r  producing low-defect  c r y s t a l s , h a s  been developed by 

us ing  u l t r a h i g h  p u r i t y  m a t e r i a l  and i n  s low ly  growing la rge ,  s i n g l e  g r a i n  

c r y s t a l s .  However, w i t h  c a r e f u l l y  c o n t r o l l e d  i m p u r i t y  l e v e l s  i t  i s  poss ib le  

t o  o b t a i n  desi r a b  l e  p r o p e r t i e s  f o r  semiconductors. By addi ng small amounts 

o f  i m p u r i t i e s  c a l l e d  dopants t o  semiconductor c r y s t a l s ,  i t  i s  poss ib le  t o  

choose the  dominant type o f  conduct ion ( e i t h e r  e lec t rons  o r  ho les)  i n  a  

m a t e r i a l .  When the conduct ion i s  due t o  i m p u r i t i e s ,  t h e  m a t e r i a l  i s  c a l l e d  

an e x t r i n s i c  semiconductor (F ig .  2). I m p u r i t i e s  can supply e x t r a  e lec t rons ,  

negat ive  charge c a r r i e r s ,  i n  which case they  .are c a l l e d  n- type m a t e r i a l s  

(F ig .  2a). I f  t h e  i m p u r i t i e s  a re  d e f i c i e n t  i n  valence e lec t rons ,  they a re  



c a l  l e d  p-type, p o s i t i v e  charge c a r r i e r s  ( F i g .  2b).  

F i g u r e  3 shows t h e  phys i ca l  arrangement o f  added i m p u r i t i e s  t o  .a two- 

d imensional  s i l i c o n  c r y s t a l .  F i gu re  3a shows t h e  normal bonds t h a t  e x i s t  by 

t h e  shared e l e c t r o n s  i n  a  p e r f e c t  s i l i c o n  c r y s t a l .  By s u b s t i t u t i n g  a  phospho- 

rous atom as i n  F ig .  3b, t h e r e  i s  an e x t r a  e l e c t r o n  a v a i l a b l e .  .S ince i t  i s  

o n l y  h e l d  i n  p o s i t i o n  by t h e  coulomb a t t r a c t i o n  t o  t h e  phosphorus nucleus, 

i t  can be removed and made a  c o n d u c t i o n ' e l e c t r o n  w i t h  f a r  l e s s  energy than  

t h a t  r e q u i  r e d  t o  move a  valence e l e c t r o n  across t h e  band gap ( i  . e. , remove 

a  shared e l e c t r o n  used i n  normal  bond ing) .  I n  a  s i m i l a r  way, an i m p u r i t y  

such as the.a luminum i n  F ig .  3c has a  d e f i c i e n c y  of one e l e c t r o n  t h a t  a  s i l i c o n  

ne ighbor  would l i k e  t o  share. A valence e l e c t r o n  can jump i n t o  t h e  l o c a t i o n  

, w i t h  f a r  l e s s  energy than would be r e q u i r e d  t o  jump t h e  f o r b i d d e n  energy gap, 

thus  c r e a t i n g  a  h o l e  i n  t h e  va lence band f o r  p o s i t i v e  charge conduct ion.  

These types o f  i m p u r i t i e s  thus  p rov ide  a l l owab le  energy l e v e l s  f o r  an e l e c t r o n  

which a r e  w i t h i n  t he  f o rb i dden  gap o f  t h e  bas i c  c r y s t a l .  The e x t r a  e l e c t r o n  
.. case o f  F ig .  3b p rov ides  a  "donor l e v e l "  as i n  F i g .  2a t h a t  donates e l e c t r o n s  

as t h e  m a j o r i t y  charge c a r r i e r  i n  t h i s  m a t e r i a l  c a l l e d  n- type.  The e x t r a  

h o l e  case o f  F i g .  3c r e s u l t s  i n  p r o v i d i n g  an accep to r  energy l e v e l  Ea as 

i n  F i g .  2b t h a t  accepts e l e c t r o n s  f rom t h e  valence band, t hus  making t he  

ho les  t he  m a j o r i t y  charge c a r r i e r  i n  t h i s  p- type m a t e r i a l .  

I n  i n t r i n s i c  semiconductors t h e  Fermi energy i s  e x a c t l y  i n  t h e  m idd le  

o f  t h e  f o rb i dden  energy gap (E =E /2 )  and t h e r e  a r e  t h e  same number o f  con- 
f g  

d u c t i o n  e l e c t r o n s  as t h e r e  a r e  ho les.  As seen i n  F ig .  2, t h e  Fermi energy 

i n  an e x t r i n s i c  semiconductor i s  s h i f t e d  tdward t h e  accep to r  energy l e v e l  (Ea) 

o r  t h e  donor l e v e l  (Ed) depending on t h e  n a t u r e  o f  t h e  i m p u r i t y .  The exac t  

1 o c a t i o n . o f  t h e  F e m i  energy i n  these  m a t e r i a l s  depends o n  t h e  doping l e v e l  

( i m p u r i t y  atoms p e r  cub i c  cen t ime te r )  and t h e  abso lu te  temperature.  Th i s  

dependence i s  q u a l i t a t i v e l y  shown i n  F ig .  4. Each i m p u r i t y  s i t e  p rov ides  

one e l e c t r o n  o r  accep to r  l o c a t i o n .  Once these s i t e s  have been used, t h e  

m a t e r i a l  a c t s  as an i n t r i n s i c  semiconductor. Th i s  can be seen i n  F i g .  4. As 

t h e  temperature increases,  more i m p u r i t y  s i t e s  a r e  used and e v e n t u a l l y  t h e  

number o f  e l e c t r o n s  t h e r m a l l y  e x c i t e d  across t h e  f o rb i dden  energy gap i s  l a r g e  

compared w i t h  t he  i m p u r i t y  doping l e v e l  and t h e  Fermi energy a'pproaches the  
i n t r i n s i c  l e v e l  o f  E /2. The e f f e c t  i n c r e a s i n g  temperature would have o n , a  p-n 

9  
j u n c t i o n  s o l a r  c e l l  i s  t o  b r i n g  t h e  Fermi energ ies  o f  bo th  s i des  c l o s e r ,  thus  

reduc ing  t h e  ou tpu t  v o l t a g e  and e f f i c i e n c y .  



F i g .  3. I m p u r i t y  atoms i n  a s i l i c o n  l a t t i c e .  ( a )  Normal 
s i l i c o n  bond ing.  41.1 4 v a l e n c e  e l e c t r o n s  i n  s i l i c o n  fo rm 
bonds w i t h  t h e i r  s i l i c o n :  n e i g h b o r s .  ( b )  Excess e l e c t r o n  
i m p u r i t y .  I m p u r i t i e s  such a s  phosphorus have 5 va lence  
e l e c t r o n s  and t h u s  have an excess e l e c t r o n  t 3 a t  can be 
e a s i l y  removed t o  become a  c o n d u c t i o n  e l e c t r o n .  ( c )  
D e f i c i e n t  e l e c t r o n  i m p u r i  t:/. An  imp^ r i t y  s u c i  as a1 uminum 
has 3 va lence  e l e c t r o n s ,  p r o v i d i n g  c ternpora-y s i t e  f o r  
one t h e  normal bond ing e l e c t r o n s .  
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F i g .  4 .  Qua1 i : a t i v ~  dependence o f  t h e  Fermi ene rgy  on  
t h e  tempera tu re  and dop ing  l e v e l  o f  t he '  i m p u - i t y .  As a l l  
o f  t h e  a c c e p t o r  s i t f s  g e t  f i l l e d  w i t h  i n c r e a s i n g  temp- 
e r a t u r e ,  or . a l l  t h e  don2r e l e c t r o n s  g e t  e x c i t e d  t o  t h e  con- 
d u c t i o n  band, t . ~ e  m a t e r i a l  approaches i t s  i n t r i n s i c  
c h r a c t e r i s t i c s  w i t h  t h e  Fermi energy  a p p r o a c ~ i n g  t h e  mi,ddle 
o f  t h e  f o t ' b i d d e i  enErgy gap. 



I n  o rder  t o  ob ta in  usefu l  power from photon i n t e r a c t i o n s  i n  a  semi- 

conductor, t h ree  processes a re  requ i red :  

(1)  The photon has t o  be absorbed and r e s u l t  i n  e lec t rons  being e x c i t e d  

t o  a  h igher  p o t e n t i a l .  

( 2 )  The e lec t ron-ho le  charge c a r r i e r s  created by the absorp t ion  must 

be separated and moved t o  an edge t o  be ca l cu la ted .  

(3 )  The charge c a r r i e r s  must be removed t o  a  use fu l  l oad  before  they 

recombine w i t h  each o the r  and l ose  t h e i r  added p o t e n t i a l  energy. 

The absorp t ion  o f  photons i n  a  m a t e r i a l  i s  g iven as a  f u n c t i o n  o f  

d is tance i n t o  the  ma te r ia l ,  x, as 

I ( x )  = I(o)~-"' 

where I ( x )  i s  t h e  i n t e n s i t y  o f  photons a t  depth x, I ( 0 )  t he  i n t e n s i t y  i n c i d e n t  

on the ma te r ia l ,  and a tk absorp t ion  c o e f f i c i e n t .  For.  example, i f  one takes 
4 -1 a  t y p i c a l  a o f  10 cm , then 90% o f ' t h e  photons would be absorbed i n  the  

f i r s t  2.3 pm o f  t he  ma te r ia l .  

The incoming photons w i t h  energies g rea te r  than the  forb idden energy 

gap can be complete ly  absorbed by an e l e c t r o n  and jump the  gap. Any excess 

energy t h e  photon has, over t h e  minimum requ i red  (Eph-Eg) i s  q u i c k l y  g iven 

up t o  the  l a t t i c e  as thermal energy as the  e l e c t r o n  drops down t o  t h e  bottom 

of the conduct ion band. For photons w i t h  energies l ess  than the  band gap, 

t he  ma te r ia l  w i l l  appear t ransparent  s ince  the re  i s  no mechanism t h a t  would 

a l l o w  an e l e c t r o n  t o  i n t e r a c t .  Thus one would expect a  s tep  change i n  the  

absorp t ion  c o e f f i c i e n t  t o  take p lace as a  f u n c t i o n  o f  i n c i d e n t  photon energy 

a t  the energy o f  t h e  band gap. This  i s  indeed the  case i n  many semiconductors 

and they are c a l l e d  d i r e c t  absorbers. The steep absorp t ion  edge o f  several 

ma te r i a l s  can be seen i n  F ig.  5. I n  order  t o  e x p l a i n  the  behavior o f  semi - 
conductors t h a t  do n o t  e x h i b i t  an abrupt  change i n  a, one must go i n t o  band 

theory  i n  more d e t a i l  than i n  t h e  s i m p l i f i e d  p resen ta t i on  above. 

When one solves the  quantum mechanical equat ions f o r  a  p e r i o d i c  p o t e n t i a l  

i n  a  c r y s t a l ,  the a1 lowed energy bands are, i n  general,  a  f u n c t i o n  o f  a  

1a. t t ice parameter k. This parameter i s  a  geometric f a c t o r  r e l a t e d  t o  the  

p e r i o d i c i t y  o f  the  c r y s t a l ,  b u t  i t  can be shown t o  be r e l a t e d  t o  the  momentum. 

F igure  6 shows t h e  al lowed bands as a  f u n c t i o n  o f  k f o r  two d i f f e r e n t  types 

o f  semiconductors. 'The fo rb idden gap i s  always def ined as t h e  minimum v e r t i -  

c a l  d is tance on t h i s  type o f  p l o t  between the  bottom o f  the conduct ion band 

and the  top  o f  t h e  balence band. For an i n d i r e c t  absorp t ion  o f  a  photon t o  
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F i g .  5 .  The o p t i c a l  a b s c r p t i o n  c o e f f i c i e n t s  as  a  F i g .  6 .  The f o r b i d d e n  energy  gap as a  f u n c t i o n  o f  t h e  
f u n c t i o n  . o f  photon energ$ f o r  .a numb2r o f  m a t e r i a l s  o f  . l a t t i c e  p a r a m ~ t e r  k [ r e l a t e d  t o  t h e  momentum) f o r  2 
i n t e r e s t  ' f o r  s o l a r  c e l l s .  M a t e r i a l s  hav ing  s t e e p  d i f f e r e n t  semi condu:ctor  m a t e r i a l s ,  a  and b .  M a t e r i a l  a  
c u r v e s  ( s h a r p  a b s o r p t i o n  edges) a r e  i n d i c a t i v e  o f  d i r e c t  i s  a  d i r e c t  absorber .  A l s o  d e p i c t e d  a r e  ' the  e l e c t r o n  
abso rbe rs  and c o u l d  be made i n t o  t h i i  f i l m  s o l c r  c e l l s .  t r a n s i t i o n s  a z r o s s  t i l e  gap. D i r e c t  t r a n s i t i o n  does n o t  

i n v o l v e  a  change i n  momentum. 
- 



take place, i.t requ i res  the  i n t e r a c t i o n  of a  photon, an, e lec t ron ,  and a  

phonon from t h e ' l a t t i c e  t o  p rov ide  the  momentum change. A photon having an 

energy greater  than E may have a  r a t h e r  ,deep pene t ra t i on  be fore  t h e  i n t e r -  
9  

a c t i o n  cond i t i ons  a r e  met. This  r e s u l t s  i n  an absorp t ion  c o e f f i c i e n t  t h a t  

depends on the  energy o f  the  photon, and o n l y  s t a r t s  t o  increase a t  the  band 

gap energy and s low ly  increases t o  l a r g e  values t h a t  would a l l o w  a  d i r e c t  

t r a n s i t i o n  t o  take p lace a t  the  k=O d is tance between bands. Semiconductors 

t h a t  have t h e i r  minimum i n  t h e  conduct ion band and t h e i r  maximum i n  the  valence 

band a t  k=O a re  c a l l e d  d i r e c t  absorbers. Semiconductors which have the  maxima 

and minima a t  d i f f e r e n t  k  values a r e  c a l l e d  i n d i r e c t  absorbers. Many o f  t h e  

ma te r ia l s  being considered f o r  s o l a r  c e l l s  a re  d i r e c t  absorbers which w i l l  

a l l ow  c e l l s  t o  be made from t h i n  f i l m s .  S i l i c o n  and germanium a re  i n d i r e c t  

absorbers. 

A f t e r  t he  photons a r e  absorbed and e lec t ron -ho le  p a i r s  a re  created, t he  

charges must be separated. I n  a  t y p i c a l  s o l a r  c e l l  t h i s  is done by use of 

p-n j unc t i on .  F igure  7 demonstrates how t h i s  p-n j u n c t j o n  prov ides an e l e c t r i c  

f i e l d  t h a t  sweeps the  e l e c t r o n s - i n  one d i r e c t i o n  and the  p o s i t i v e  h o l e s ' i n  t h e  

o ther .  If the j u n c t i o n  i s  i n  thermodynamic equ i l i b r i um,  then the  Fermi energy 

must be un i fo rm throughout.  Since the  Fermi l e v e l  i s  near t he  top  o f  the  

gap o f  an n-doped ma te r ia l  and near t h e  bottom f o r  t h e  p-doped s ide ,  an 

e l e c t r i c  f i e l d  must e x i s t  a t  t he  j u n c t i o n  p rov id ing  t h e  charge separa t ion  

f u n c t i o n  f o r  t h e  c e l l  . 
A s o l a r  c e l l  u s u a l l y  uses a  p-n j unc t i on ,  as descr ibed e a r l i e r ,  i n  a  

phys ica l  c o n f i g u r a t i o n  as shown i n  F ig .  8 3 h e  r e l ' a t i o n s h i p  between the  

cu r ren t  and vo l tage i n  an i d e a l  p-n j l .rnction i s  g iven.  hy- 

where V i s  t h e  vo l tage imposed across t h e  j unc t i on ,  e  t h e  e l e c t r o n i c  charge, 

k  Bol tzmann's constant,  and T the  absolute temperature. The s a t u r a t i o n  

c u r r e n t  Jo (sometimes c a l l e d  t h e  dark c u r r e n t ) ,  i s  obta ined when a  l a r g e  

negat ive  vo l tage i s  a p p l i e d  across the  diode. When l i g h t  impinges on t h e  

junc t ion ,  e lec t ron -ho le  p a i r s  are created a t  a  cons tant  r a t e  p r o v i d i n g  an \ 

e l e c t r i c a l  c u r r e n t  f l o w  across t h e  j unc t i on .  The n e t  c u r r e n t  i s  thus the  d i f -  

ference between the  normal d iode c u r r e n t  and t h e  l i g h t  generated c u r r e n t  J L .  

F.igure 9 shows t h e  s i ~ n p l i f i e d  equ iva len t  c i r c u i t  f o r  the ce l l .  The i n t e r n a l  
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F i g .  7 .  The i n h e r e n t  e l e c t r i c  f i e l d  p r o v i d e d  by a  p-n j u n c t i o n  which w i l l  
s e p a r a t e  t h e  charge c a r r i e r s  a f t e r  t h e i r  c r e a t i o n  by t h e  a b s o r p t i o n  o f  
a  pho ton .  

- O2wm "N" Region 1 

L 

covering back 

F i g .  8. Schematic o f  t h e  p h y s i c a l  c o n f i g u r a t i o n  o f  a  t y p i c a l  s o l a r  c e l l .  



' res is tance Rs i s  most ly  due t o  the  h igh  sheet res i s tance  o f  the d i f f u s e d  

l a y e r  which i s  i n  se r i es  w i t h  the j unc t i on .  The n e t  c u r r e n t  J  i s  g iven by 

The i n t e r n a l  vo l tage drop i n  a  c e l l  can usual l y  be minimized, and the  

assumption t h a t  i s  used f o r  an i d e a l  c e l l  i s  t h a t  Rs=O. The corresponding 

J-V curve and e l e c t r o n  p o t e n t i a l  diagram f o r  an i d e a l  s o l a r  c e l l  a r e  g iven 

i n  F ig.  10. I t  can be shown t h a t  t h e  open c i r c u i t  vo l tage Voc f o r  the  i d e a l  

c e l l  i s  g iven by 

For normal operat ion,  JL i s  several  orders o f  magnitude h igher  than Jo 

and the  1  i n  the equat ion can be neglected. Care must be taken i n  the  use 

of  Eq. (3 )  f o r  p r e d i c t i n g  t h e  temperature dependence o f  Voc,  because Jo 

i s  a  s t rong f u n c t i o n  o f  temperature. I n  p r a c t i c e  the  open c i r c u i t  vo l t age  

o f  a  c e l l  u s u a l l y  decreases l i n e a r l y  w i t h  i nc reas ing  temperature. 

The p o i n t  Pma, on the  J-V curve i n  F ig .  10 represents the  maximum power 

p o i n t .  The corresponding c u r r e n t  and vo l tage f o r  t h i s  p o i n t  cannot be e x p l i c i t l y  

solved, b u t  i t  can be seen t h a t  t he  maximum e f f i c i e n c y  f o r  the c e l l  i s  

obta ined by d i v i d i n g  J  V by the t o t a l  power d e n s i t y  o f  t h e  s u n l i g h t  Psun. 
mp mp 

I n  the eva lua t i on  o f  s o l a r  c e l l s  i t  i s  o f t e n  convenient t o  use the  terms 

def ined i n  the  equat ion 

n = Jmpvmp/Psun = (JLEg/ePSun)(J mP V mP /J L  V oc )(eVOc/Eg) y 

/ 
F i  11 f a c t o r  Vol t a w  

(curve f a c t o r )  fscto; 

The f i  11 f a c t o r  i s  used as a  measure o f  how we1 1  a  j u n c t i o n  was made i n  

a  c e l l  and how low the  se r ies  res i s tance  has been made. A t y p i c a l  va lue o f  

t he  f i l l  f a c t o r  f o r  a  good s i l i c o n  c e l l  i s  about 0.8. The vo l tage f a c t o r  i s  

determined by the bas ic  p rope r t i es  o f  t h e  m a t e r i a l s  i n  t he  c e l l  and i s  t y p i c a l l y  

about 0.5' f o r  a  sJ1 i c o n  c e l  'I. 

I nspec t i on  o f  t he  above equat ions i n  l i g h t  o f  t he  p rope r t i es  o f  semi- 

conductors, can g i v e  i n s i g h t  i n t o  c h a r a c t e r i s t i c s  of s o l a r  c e l l  s.  F i r s t ,  t h e  

s h o r t '  c i  r c u i  t c u r r e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  1  i ght-generated c u r r e n t  

which i n  t u r n  i s  l i n e a r l y  p ropo r t i ona l  t o  t he  i n t e n s i t y  of s u n l i g h t  on the  
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F i g .  9 .  The e q u i v a l e n t  c i r c u i t  f o r  a  s o l a r  c e l l  showing t h e  in - te r i i a l  s e r i e s  
r e s i s t a n c e .  The l i g h t - g e n e r a t e d  c u r r e n t  a c t s  as a  cons tan t  c u r r e n t  source 
s u p p l y i n g  t h e  c u r r e n t  t o  e i t h e r  t h e  j u n c t i o n  o r  a  u s e f u l  l o a d  depending on t h e  
j u n c t i o n  c h a r a c t e r i s t i c s  and t he  va lue  o f i  e x t e r n a l  l o a d  r e s i s t a n c e .  . 

V (output volt(ly13) vuc 
( a )  

F i g .  10.  ( 3 )  a t y p i c a l  c u r r e n t - v o l t a g e  curve  f o r  an i d e a l  s o l a r  c e l l  w i t h  t h e  s h o r t  
c i r c u i t  approaching the,  cons tan t  1  i gh t - gene ra ted  c u r r e n t  JL. The maximum power 
p o i n t  i s  shown as Pmax. ( b )  A t y p i c a l  e l e c t r o n  energy diagram f o r  a  p-n j u n c t i o n  
under  i l l u m i n a t i o n  o f  sun1 i g h t  w i t h  t h e  e x t e r n a l  r e s i s t a n c e  s e t  such t h a t  t h e  
o u t p u t  v o l t a g e  i s  a t  v a l u e  Y .  T h i s  same v o l t a g e  V i s  thus  imposed on t h e  
j u n c t i o n  which w i l l  reduce t h e  c u r r e n t  d e l i v e r e d  t o  t h e  e x t e r n a l  l oad .  
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c e l l .  The open c i r c u i t  vo l tage increases as the l o g  of t h e  l i g h t  i n t e n s i t y  

i f  the  temperature i s  constant.  Thus if the  fill f a c t o r  remain's the  same, 

one should expect t he  e f f i c i e n c y  t o  increase as the' l o g  o f  t h e  i n t e n s i t y  of 

s u n l i g h t .  A lso as the fo rb idden energy gap of t h e  semiconductor i s  increased, 

t he  open c i r c u i t  vo l tage o f  t h e  c e l l  and i t s  e f f i c i e n c y  should increase.  

However, the 1  ight-generated c u r r e n t  i s  due t o  t h e  e l  ectron.-hol e  p a i r s  c rea ted 

by the  absorp t ion  o f  photons whose energies a re  g rea te r  than the  band gap of 

t he  semiconductors. When s u n l i g h t  i s  used as an energy source, t h e  number 

o f  photons a v a i l a b l e  i s  a  f u n c t i o n  o f  photon energy. The l i gh t -genera ted  

cu r ren t  w i  11 monotonical l y  decrease w i t h  i nc reas ing  semiconductor band gap 

values. Thus as a  func t ion  o f  band gap energies, t h e  expected c e l l  e f f i c i e n -  

c i e s  should f i r s t  increase due t o  t h e  increase i n  vol tage,  pass through a  

maximum, and then decrease due t o  t h e  decrease i n  the l i gh t -genera ted  c u r r e n t  

ava i l ab le .  These expected e f f i c i e n c y  curves have been c a l c u l a t e d  by assuming 

t y p i c a l  p-n j u n c t i o n  c h a r a c t e r i s t i c s  and the  s o l a r  spectrum. F igu re  11 g ives 

the  r e s u l t s  o f  one o f  these c a l c u l a t i o n s  w i t h  var ious  semiconductor m a t e r i a l s  

i d e n t i f i e d  a t  t h e i r  appropr ia te  band gaps. As can be seen from t h i s  f i g u r e ,  

p-n j u n c t i o n  s o l a r  c e l l  e f f i c i e n c i e s  cannot be expected t o  exceed the  26-25% 

range. Most o f  t he  l i m i t a t i o n  on e f f i c i e n c y  i s  due t o  the  energy spectrum 

o f  s u n l i g h t .  The excess o f  energy t h a t  photons have above the  band g a p ' o f  t he  

semiconductor i s  l o s t  t o  thermal heat ing  as the  e x c i t e d  e lec t rons  drop down 

t o  the  bottom o f  t he  conduct ion band. Photons w i t h  energies l e s s  than t h e  

band gap are a l l '  l o s t  s ince  they  cannot e x c i t e  any e lec t rons .  Because o f  

t h i s  frequency mismatch, o n l y  about 44% o f 7 h e  energy i n  t h e  s o l a r  spectrum 

i s  a v a i l a b l e  t o  s i l i c o n  f o r  poss ib le  conversion t o  e l e c t r i c i t y  (10) .  F igure  

12 g ives a  bar  c h a r t  o f ' t h e  energy losses i n  a  t y p i c a l  s i l i c o n  s o l a r  c e l l .  

As can be seen from t h i s  char t ,  s i g n i f i c a n t  increases cou ld  be made i n  c e l l  

e f i i c t e n c i e s  i f  they  are  used k i t h  a  monochromatic source o r  i f  the  s o l a r  

spectrum cou ld  be mod i f ied  t o  d i f f e r e n t  wavelengths. 

Performance P red ic t i ons  f o r  Photovo l ta ic  Concentrator C e l l s  

U n t i l  the  l a s t  two o r  t h ree  years a l l  s o l a r  c e l l s  produced have been 

opt imized f o r  a  one sun i l l u m i n a t i o n  l e v e l .  I n  t h e  l a s t  two years t h e  develop- 

i n g  f i e l d  o f  pho tovo l ta i c  concent ra t ion  systems has r e s u l t e d  i n  a t  l e a s t  f o u r  

manufacturer 's  . . deYeloping and 6 s s e n t i a l l y  commercial l y  s e l l  ing ,  s i l  i con  con- 
. , 

c e n t r a t i o n  c e l l s .  These f o u r  companies a r e  l i s t e d  i n  Table 1. The p r i n c i p l e  



ENERGY GAP (eV) 

F i g .  11.  A c a l c u l a t e d  c u r v e  o f  t h e  maximcm e f f i c i e n c y  t h a t  can be o b t a i n e d  as a  f u n c t i o n  o f  t h e  enercy  
gap o f  t h e  semiconductor  made i n t o  a  p-n  : u n c t i o n  and i l l u m i n a t e d  w i t h  t h e  s o l a r  spectrum o u t s i d e  t h e  
atmosphere, AM0 ( L o f e s s k i  , 1963) .  
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F i g .  12.  B.ar c h a r t  o f  t h e  d i . s t r i b u t i o n  o f  ene rgy  l o s s e s  i n  t h e  1 ohm-cm p on n 
c e l l  under  i l l u m i n a t i o n  o f  an  a i r  mass one (OM1) spect rum s u n l i g h t .  N r e p r e s e n t s  
t h e  number o f  photons i n  AM1 whose e n e r g i e s  a r e  g r e a t e r  t h a n  t h e  bandggp o f  
s i l i c o n ,  E . E i s  t h e  a v e r a g e ' e n e r g y  o f  t h e  photons i n  N 

ph ' 
The numbers on 

CI P,h 
t h e  l e f t  r e f e r  t b  t h e  p e r c e n t  o f  t h e  energy  r e m a i n i n g  a f t e r  a l l  o f  t h e  l o s s e s  
above i t  have been coun ted .  The numbers on  t h e  r i g h t  r e f e r  t o  t h  f r a c t i o n a l  
f a c t o r  a s s o c i a t e d  w i t h  t h e  a p p r o p r i a t e  l o s s  mechanism. Imax and Vmax a r e  

t h e  c u r r e n t  and v o l t a g e  a t  t h e  maximum power p o i n t .  The s h o r t  c i r c u i t  c u r r e n t  
1 i s  u s u a l l y  t a k e n  as i d e n t i c a l  w i t h  t h e  l i g h t  genera ted  c u r r e n t ,  IL ( 1 0 ) .  



TABLE 1  
S u p p l i e r s  o f  S i l i c o n  C o n c e n t r a t i o n  C e l l s  

Cornpany name Adciress P r i n c i p a l  Con tac t  I 

O p t i c a l  C o a t i n g  L a b o r a t o r y ,  2789 G i f f e n  Ave.. Ken L i n g  
I n c  . P. 0 .  Box 1599 707-545-6440 

Santa Rosa, CA. 95402 

RCA Research Labs P r i n c e t o n ,  NJ 08540 Lou Napol i 

S o l a r e x ,  Corp. 

S p e c t r o l  ab, I n c .  

1335 P i c c a r d  Dr .  Joseph L indmeyer  
R o c k v i l l e ,  MD 20850 301 -948-0202 

12484 G lads tone  Ave. Eugene Ra lph  
Sylmar,  CA 91 342 21 3-365-461 1  

,TABLE 2  
C a l c u l a t e d  Per formances o f  I n t r i n s i c  n+-p S i l  i c o n  S o l a r  C e l l  s  

W i t h  Yar ious  Base R e s i s t i v i t i e s  a t  X = 1 and X = 50 Suns ( T  - 27°C) 

TABLE 3 
C a l c u l a t e d  Performances o f  I n t r i n s i c  n  - -p-p+ 
and p+-n-n+ BSF S i l i c o n  S o l a r  C e l l s  
(N, = 1 . 2  X 1 0 1 5 c m - 3 )  a t  X = 1 0 0 S u n s  

-3 
'base 

I ~ - c m )  N Icm I 
A A 

10. 1.2 x 1015 

0.9 2.0 x 10 16 

17 
0.3 1.0 x 10 

0.1 5.0 x 10 
17 

U 

Compared t o  t h e  Per formances o f  T h e i r  
n+-p and p+-n C o u n t e r p a r t s  ( T  - 27,OC) 

. 
X = 1 sun 

2 
JSC (mA/cm I VOC IV I  FF sl%) 

33.1 0.529 0.804 15.2 

32.3 0.590 0.813 16.8 
\ 

31.5 0.598 0.812 16.5. 

28.9 0,591 0.814 15.0 

X = 50 suns 

2 
JSC (mA/cm I VOC (V I  FF .9(%) 

1820. 0.603 0.715 17.0 

1670. 0.702 0.809 20.5 

1590. 0.729 0.802 20.1 

1450. 0.71s 0.810 18.2 

Structure 

+ 
n -P 

nt-p-p' 

pt-n 

i t  
p - n - n  

JSC I A / C ~ ~ I  . VOC { V I  FF 11 I,% I 

3.68 0.615 0.725 1 1 . 7  

3.6h 0.742 0.792 23.3 

3.8 0. 71 6. 73 21.3 

3.76 0.777 0.795 25. 1 



cons idera t ion  f o r  t h e  design o f  concent ra t ion  c e l l s  comes from t h e  h igh  

e1,ectr ic  cu r ren ts  expected. I f  100 suns o f  i n t e n s i t y  . s i s  i n c i d e n t  on a  s o l a r  

c e l l ,  then '100 t imes the e l e c t r i c a l  c u r r e n t  i s  generated i n  t h e  c e l l  a t  

e s s e n t i a l l y  t he  same vo l tage as a  one sun i l l u m i n a t i o n .  The h igh  cu r ren ts  

generated r e q u i r e  changes i n  the  bas ic  c e l l  design. . .  

. As discussed i n  the  prev ious sec t i on  concerning Eq.  (1  ) , (2 )  and' (3 ) ,  

one would i d e a l l y  expect t h e  e f f i c i e n c y  o f  a s o l a r  c e l l  t o  increase w i t h  con- 

cen t ra t i on .  I f  the  f i l l  f a c t o r  remains t h e  same, the  open c i r c u i t  vo l tage 

increases as t h e  l o g  o f  t h e  i n t e n s i t y  and thus t h e  e f f i c i e n c y  should increase 

l o g r i t h m i c a l l y  w i t h  increas ing  l i g h t  i n t e n s i t y .  Th i s  i s  exper imenta l l y  ob- 

served. I f  one t e s t s  a  c e l l  under i nc reas ing  concent ra t ion  i t  i s  observed 

t h a t  t h i s  l o g r i t h m i c  increase i n i t i a l l y  occurs b u t  even tua l l y  t he  e f f i c i e n c y  

decreases due t o  the  e f f e c t s  o f ' h i g h  c u r r e n t  f l ow .  The decrease may be due 

t o  t he  e f f e c t i v e  increase i n  temperature, thus reducing the  open c i r c u i t  

vo l tage,  o r  t o  a  increase . in  t h e  vo l tage drop across the  se r ies  r e s i s t a n c e , o f  

t h e  c e l l  causing a  decrease i n  t h e  f i l l  f a c t o r .  F igure  13 shows the  e f f e c t .  

o f  inc reas ing  the  se r ies  res is tance,  Rs,given i n  Eq. (2)  on the  e l e c t r i c a l .  

ou tpu t  o f  ..a t y p i c a l  s o l a r  ce l l .  (1.1 ). Ca lcu la t i ons  i n  . t h e  f . igure assumes 

e l e c t r i c  cu r ren ts  i n d i c a t i v e  o f  a  one sun i l l u m i n a t i o n .  As t h e  c u r r e n t  i n -  

creases under h igher  i l l u m i n a t i o n ,  t h e  e f f e c t  on t h e  I V  curve and power ou t -  

put. are s i m i l a r  b u t  f o r  much lower values o f  Rs.  Therefore, a  s o l a r  c e l l  w i t h  

an acceptable value o f  Rs f o r  one sun i l l u m i n a t i o n  may n o t  have s u f f i c i e n t l y  

low Rs t o  be acceptable f o r  h igher  il'l uminat ions. 

The value o f  RS i n  a  s o l a r  c e l l  i s  most ly  due t o  t h e  h igh  e l e c t r i c a l  

res i s tance  i n  the t o p  t h i n  l a y e r  on t h e  c e l l  (see the  "n" reg ion  i n  F ig .  8) .  

The c u r r e n t  generated, by t h e  absorp t ion  o f  l i g h t  must pass through t h i s  t h i n  

l a y e r  be fore  i t  reaches a  good e l e c t r i c a l  conductor represented by the  g r i d  

f i nge rs .  There are three  approaches t h a t  would seem obvious f o r  t he  reduc t i on  

o f  R,. One approach would be t o  increase t h e  junc t io -n  depth such t h a t  the  

cross sec t i ona l  area i n  the  "nll r eg ion  seen by t h e  f l o w  o f  e lec t rons  would . be . 

much l a r g e r  and the re fo re  have a  lower r e s i s t i v i t y .    he second approach 

would be t o  use a  very low e l e c t r i c a l  r e s i s t i v i t y  ma te r i a l  i n '  t h e  "n" region.  

The t h i r d  approach would be t o  have a  more complete coverage o f  t h e  surface 

by the  metal g r i d  f i n g e r s .  A n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  have 

shown t h a t  inc reas ing  t h e  j u n c t i o n  depth makes . t h e  c e l l  l e s s  responsive t o  

t h e  sho r t  wavelength photons i n  t h e  s o l a r  spectrum. Thus deeper j unc t i ons  
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r e s u l t  i n  g r e a t e r  losses  i n  t h e  o u t p u t  of t h e  c e l l  than  i s  ga ined f rom t h e  

r e d u c t i o n  o f  t h e  Rs va lue.  The c o n d u c t i v i t y  of  b o t h  t h e  "p" and "n"  r eg ions  

can be inc reased  by i n c r e a s i n g  t h e  doping l e v e l  of  i m p u r i t i e s  i n  those reg ions  

and lower  va lues o f  Rs can indeed by achieved. There i s  a  l i m i t ,  however, o f  

t h e  Rs  va lue  t h a t  can be achieved by t h i s  method because o f  de t r imen ta l  e f f e c t s  

o f  ex t reme ly  h i g h  d e n s i t y  l e v e l s  o f  i m p u r i t i e s  i n  these reg ions .  The most 

successfu l  approach t o  da te  f o r  l owe r i ng  RS i s  i n  go ing  t o  a  ve ry  f i n e  b u t  

c l o s e l y  spaced g r i d  c o n f i g u r a t i o n  on t h e  sur face .  S ince t he  g r i d  f i n g e r s  

shadow t h e  j u n c t i o n  beneath them and thus  decrease t h e  ou tpu t  p r o p o r t i o n a l  t o  

t he  area coverage o f  t h e  g r i d  f i n g e r s ,  i t  i s  d e s i r a b l e  t o  go t o  ve ry  f i n e  

f i nge rs  t h a t  a r e  j u s t  spaced c l ose  t oge the r .  Most c e l l s  designed f o r  one sun 

i l l u m i n a t i o n s  have about 5% o f  t h e  sur faces  covered by t h e  g r i d  f i n g e r s .  

Present day concen t ra t i on  c e l l s  a l s o  use o n l y  5% o f  t h e  su r f ace  area f o r  t h e  

g r i d  f i n g e r s .  

One f l e x i b i l i t y  t h a t  i s  a v a i l a b l e  i n  t h e  des ign o f  c o n c e n t r a t i o n  c e l l s  

i s  t h a t  t h e  focused beam o f  l i g h t  on t h e  c e l l  ,ay n o t  cover t h e  e n t i r e  area 

of  t h e  f r o n t  su r face .  For  example, t he  main c o l l e c t i n g  g r i d  on t h e  ba r  go ing  

dawn t h e  s i d e  o f  t h e  c e l l  as seen i n  F ig .  8 may be o u t  o f  t h e  f o c a l  zone. That  

would a l l o w  t h i s  main c o l l e c t i n g  b a r  t o  be designed l a r g e  w i t h o u t  t h e  p e n a l t y  

o f  shadowing t h e  j u n c t i o n  underneath.  It i s  t hus  becoming,common now t o  

r e p o r t  t h e  e f f i c i e n c y  o f  a  concen t ra t i on  c e l l  as t h e  e l e c t r i c a l  o u t p u t  o f  t h e  

c e l l  d i v i d e d  by t h e  energy i n c i d e n t  i .ns ide  these l a r g e  c o l l e c t i n g  bars .  Th i s  

b a s i s  f o r  c a l c u l a t i o n  o f  e f f i c i e n c y  can i nc rease  t h e  r e p o r t e d  c e l l  e f f i c i e n c y  

by one o r  two percentage p o i n t s  (e.g., f rom 15.5% t o  17%).  

I n  t h e  des ign o f  c e l l s  e s p e c i a l l y  made f o r  c o n c e n t r a t i o n  a p p l i c a t i o n s ,  

one can cons ide r  t r y i n g  t o  o p t i m i z k  t h e  s tandard c o n f i g u r a t i o n  used i n  making 

c e l l s  o r  cons ider  a  complete change i n  t h e  geomet r i ca l  c o n f i g u r a t i o n  t h a t  may 

be more d e s i r a b l e  f o r  h i g h  i l l u m i n a t i o n  a p p l i c a t i o n s .  Table 2  g i ves  t h e  

r e s u l t s  o f  a  c a l c u l a t i o n  showing t h e  e f f e c t  o f  changing t h e  r e s i s t i v i t y  o f  

t h e  base r e g i o n  i n  a  s tandard p l ana r  des ign s i l i c o n  s o l a r  c e l l  (12) .  T h i s  

model would i n d i c a t e  t h a t  a  optimum base r e s i s t i v i t y  i s  between 0.3 t o  1  

ohm-cm s i l i c o n  m a t e r i a l .  One can a l s o  see i n  t h i s  t a b l e  t h e  inc reased  e f -  

f i c i e n c i e s  ob ta i ned  by concen t ra t i on  compared t o  one sun leve.1. One can a l s o  

enhance t h e  o u t p u t  of concen t ra t i on  c e l l s  by s l i g h t  v a r i a t i o n s  o f  t h e  s t r u c t u r e  

o f  t h e  dev ice  as seen i n  Table 3. These c a l c u l a t i o n s  show t h a t  t h e  ex i s tence  

u,F a bhck sur-face f i e l d  (BSF) cons ide rab l y  increases t h e  o u t p u t  o f  t he  c e l l s  



compared w i t h  t h e  convent ional  n  on p  o r  p  on n  c e l l .  

Another way o f  t r y i n g  t o  reduce t h e  se r ies  res i s tance  e f f e c t s  a t  h igh  

i l l u m i n a t i o n  l e v e l s  i s  t o  complete ly  change the geometry o f  a  conver ter .  

The v e r t i c a l  mu1 ti- j u n c t i o n  s o l a r  c e l l s  shown schemat ica l l y  i n  F i g .  14 

have been s tud ied  by many i n v e s t i g a t o r s  (13, 14, 15) .  Al though the  e a r l y  work 

i n  the  i n v e s t i g a t i o n  o f  VMJ c e l l s  was aimed a t  developing devices f o r  h igh  

e f f i c i e n c y  a t  one sun i l l u m i n a t i o n ,  more r e c e n t l y  t h e i r  c o n f i g u r a t i o n  has 

been s tud ied  f o r  concent ra tor  a p p l i c a t i o n s  (16, 17, 18, 19, 2 3 ) .  This conf igura-  

t i o n  has t h e  edge o f  t h e  j u n c t i o n  exposed t o  t h e  incoming s o l a r  r a d i a t i o n .  

The o r i g i n a l  i n t e n t  of t h i s  design was t o  i t i~pruve the  e f f i c i e n c y  s ince the re  

would be a  j u n c t i o n  near  where a  photon was absorbed regardless o f  the  depth 

o f  absorp t ion .  I t was expected t h a t  the spec t ra l  response o f  t h i s  conf igura-  

t i o n  would be super io r  t o  a  convent ional  p lanar  c e l l  as seen i n  F ig .  8. I n  

p r a c t i c e  t h e  VMJ c e l l  d i d  n o t  show super io r  e f f i c i e n c i e s  t o  the  convent ional 

c e l l s .  They d id ,  however, show g rea te r  t o le rance  o f  r a d i a t i o n  damage i n  

space and have been produced e s p e c i a l l y  f o r  t h a t  a p p l i c a t i o n .  For  concentra- 

t i o n  app l i ca t i ons ,  t h i s  c e l l  c o n f i g u r a t i o n  has the  advantage o f  reducing the  

o v e r a l l  c u r r e n t  s ince  t y p i c a l l y  these c e l l s  a r e  connected e l e c t r i c a l l y  i n  

se r i es .  With t h e  edges i l l u m i n a t e d  by the  s u n l i g h t ,  t he  t o t a l  c u r r e n t  going 

through a l l  o f  t h e  c e l l s  i s  very  small bu t  t he  vo l tage i s  a d d i t i v e ,  Therefore 

a  g iven area VMJ c e l l  may produce 1  m i l l i a m p  o f  c u r r e n t  a t  100 v o l t s  whereas 

a  same area convent ional c e l l  would produce 200 m i l l  iamps a t  112 v o l t .  Even 

as t h e  i n t e n s i t y  i s  increased a f a c t o r  o f  100 o r  1000 the  cu r ren ts  Plowing 

through the  c e l l s  would s t i l l  be s u f f i c i e n t l y  low t h a t  se r i es  res i s tance  would 

n o t  have much e f f e c t  on vo l tage  reduct ion .  To date these c e l l s  have n o t  

exper imenta l l y  y i e l d e d  any h igher  conversion e f f i c i e n c i e s  under concentrated 

sun1 i g h t  than conven t i ona l l y  designed c e l l s  (2 ) .  

Another geometr ical  c o n f i g u r a t i o n  shown schemat ica l l y  i n  F i g .  15 i s  

c a l l e d  the  i n t e r d i g i t a t e d  s o l a r  c e l l  (21, 22). The advantage o f  t h i s  c e l l  

Tor. c o r ~ c e n t r a t i o n  a p p l i c a t i o n s  i s  t h a t  i t  does n o t  have a  t h i n  l a y e r  o f  

m a t e r i a l  t h a t  t h e  c u r r e n t  has t o  f l o w  through as the  case i n  t he  convent ional  

design, t he re fo re ,  i t  does n o t  have a  ser ious  se r ies  res i s tance  problem. 

Al though t h i s  c e l l  has rece ived l i t t l e  development work i t  has a l ready  shown 

experimental  e f f i c i e n c i e s  comparable t o  o the r  concent ra t ion  c e l l s .  

Another major  parameter o f  i n t e r e s t  i n  concent ra t ion  c e l l  a p p l i c a t i o n s  

i s  t h e i r  perfornlance r e l a t i v e  t o  temperature. F igure  16 shows t h e  c a l c u l a t e d  
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e f f i c i e n c y  as a  f u n c t i o n  o f  tempera tu re  f o r  v a r i o u s  c o n c e n t r a t i o n s  o f  s u n l i g h t  

o n t o  CI s i l i c o n  s o l a r  c e l l .  T h i s  p r e d i c t e d  l i n e a r  decrease w i t h  tempera tu re  

i s  p ' r i m a r i l y  due t o  t h e  d r o p  i n  t h e  open c i r c u i t  v o l t a g e  o f  t h e  c e l l  wh ich  i s  

l i n e a r  w i t h  tempera tu re .  ~ i ~ u r e  17 shows a  comparable p l o t  as seen i n  F i g .  11 

f o r  v a r i o u s  temperatures  above ambient  c o n d i t i o n s .  I t  i s  seen t h a t  as t h e  

tempera tu re  i n c r e a s e s  t h e  optimum bandgap energy a l s o  i n c r e a s e s .  Thus f o r  

h i g h e r  tempera tu re  o p e r a t i o n ,  l a r g e  bandgap m a t e r i a l s  such as g a l l i u m  a r s e n i d e  

would have c o n s i d e r a b l y  b e t t e r  per formance t h a n  w i t h  a  l o w e r  bandgap m a t e r i a l  

such as s i l i c o n .  For  t h i s  tempera tu re  r e s i s t a n c e  ani l  a l s o  i t s  h i y h  p o t e n t i a l  

e f f i c i e n c y  a t  room temperatures ,  g a l l i u m  a r s e n i d e  has r e c e i v e d  a  g r e a t  dea l  

o f  a t t . e n t i o n  f o r  c o n c e n t r a t o r  a p p l i c a t i o n s .  A m a j o r  change i n  t h e  d e s i g n  

o f  g a l l i u m  a r s e n i d e  c e l l s  i n  t h e  e a r l y  1970 's  has l e d  t o  a  s i g n i f i c a n t  i n c r e a s e  

i n  t h e i r  e f f i c i e n c i e s  (24, 25, 26, 27) .  

I n  May 1977 a  workshop was h e l d  i n  S c o t t s d a l e ,  A Z  t o  de te rm ine  t h e  c u r r e n t  

s t a t u s  and f u t u r e  o f  p h o t o v o l t a i c  c o n c e n t r a t o r  sys tans  ( 2 8 ) .  The c o n c l u s i o n s  

and recommendations o f  t h e  s i l i c o n  c e l l  t e c h n o l o g y  5roup a t  t h a t  workshop 

a r e  g i v e n  i n  Appendix A .  Appendix B c o n t a i n s  t h e  prob lem areas and.recom- 

mendat ions o f  t h e  g a l l i u m  a r s e n i d e  and nove l  approach w o r k i n g  group.  

C u r r e n t  s t a t e  o f  Techno1:ogy 

The f i e l d  o f  p h o t o v o l t a i c  c o n c e n t r a t i o n  systems i s  r a p i d l y  changing.  I t  

i s  emerging f rom a  l a b o r a t o r y ,  s m a l l  component t e s t i n ;  phase i n t o  a  system 

d e s i g n  and f i e l d  t e s t i n g  s tage .  For t h e  r e p o r t i n g  o f  t h e  c u r r e n t  s t a t e  o f  

t e c h n o l o g y  i n  these  systems i t  i s  presumed t h a t  t h e  r e a d e r  i s  more f a m i l i a r  

w i t h  t h e  o p t i c a l  c o n c e n t r a t o r  s t a t e  o f  techno logy  dnd edphas is  w i l l  be p l a c e d  

on concent . ra tor  c e l l  t e s t i n g  and pe r fo r~nance  t o  d a t e .  
On c e l l  t e s t i n g  c o n s i d e r a t i o n s :  

The s t a n d a r d i z e d  t e s t i n g  o f  s o l a r  c e l l s  f o r  a  normal t e r r e s t r i a l  e n v i r o n -  

ment has been t h e  s u b j e c t  o f  ieeveral papers and workshops (29-31 1. The m a j o r  

u n c e r t a i n t y  i n  t h e  t e s t i n g  p rocedure  i s  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  l i g h t  

source.  A  c e l l ' s  u u l p u t  may v a r y  c o n s i d e r a b l y  when t . ~ s t e d  under  two d i f f e r e n t  

s o l a r  ~ i m u l a t o r s  t h a t  have t h e  same energy i n t e n s i t y  o u t p u t .  The v a r y i n g  

a tmospher i c  e f f e c t s  on t h e  s p e c t r a l  d i s t r i b u t i o n  o f  s u n l i g h t  a l s o  makes i t  

d i f f i c u l t  t o  t e s t  t h e  c e l l s  i n  " s t a n d a r d "  sunsh ine.  The t e s t i n g  o f  s o l a r  c e l l s  

under  c o n c e n t r a t e d  s u n l i g h t  i s  c o n s i d e r a b l y  more complex t h a n  f o r  one sun t e s t -  

i n g  and no a t t e m p t s  have been made t o  e s t a b l i s h  s t a n d a r d  t e s t i n g  procedures.  

U n c e r t a i n t y  i n  t e s t i n g  comes from energy i n t e n s i t y  d e t e r m i n a t i o n ,  t h e  c o n t r o l -  

1  i n g  and measurement o f  e f f e c t i v e  c e l l  t empera tu re  and t h e  problems i n t r o -  

duced by  h i g h  e l e c t r i c a l  c u r r e n t s .  181 



The s p e c t r a l  d i s t r i b u t i o n  o f  t h e  energy i n  concen t ra ted  s u n l i g h t  w i l l  be 

somewhat d i f f e r e n t  t han  t h e  c o n d i t i o n s  o f  one sun, and w i l l  depend upon t h e  

t y p e  o f  c o n c e n t r a t i o n  system used, A  minor  reason f o r  t h e  d i f f e rence  i s  t h a t  

o n l y  t h e  u n c o l l i d e d  d i r e c t  'component o f  s u n l i g h t  i s  concen t ra ted  and n o t  t h e  

d i f f u s e  s u n l i g h t .  A more ma jo r  d i f f e r e n c e  i n  s p e c t r a l  con ten t  i s  due t o  t h e  

e f f e c t s  o f  t h e  r e f l e c t i v e  su r f ace  o r  r e f r a c t i v e  m a t e r i a l .  A l l  o f  t h e  m a t e r i a l s  

used w i l l  have r e f l e c t a n c e  and t r a n s m i t t a n c e  c h a r a c t e r i s t i c s  which a r e  a  

f u n c t i o n  o f  wavelength,  These p r o p e r t i e s  can, ,of course,  be measured and as a  

r e s u l t  t h e  s p e c t r a l  c o n t e n t  o f  t h e  energy i n c i d e n t  on t h e  c e l l  can be p r e d i c t e d .  

I f  t h e  s p e c t r a l  response o f  t h e  ce ' l l  i s  known then  one can p r e d i c t  how t h e  

spect.ra1 z h i f t  w i l l  a f f e c t  t h e  o u t p u t  o f  t h c  c e l l  . 

The p r e d i c t i o n  o r  measurement o f  t h e  energy d e n s i t y  i n  a  concen t ra to r  i s  d i f -  

f i c u l t  because i t  depends upon t h e  geomet r i ca l  accuracy o f  t h e  r e f l e c t o r  and/or 

r e f r a c t o r ,  t h e  r e f l e c t i v e  and r e f r a c t i v e  p r o p e r t i e s  o f  t h e  concen t ra to r  and 

how t h e y  change w i t h  t ime ,  and t h e  t y p e  and accuracy o f  t h e  t r a c k i n g  method 

used. The l a r g e  i n t e n s i t y  g r a d i e n t s  encountered near t h e  f o c a l  p o i n t  o r  l i n e  

o f  t h e  c o n c e n t r a t o r  makes i t  d i f f i c u l t  t o  make and t o  i n t e r p r e t  t h e  measure- 

ments o f  i n t e n s i t y .  The geometry and s p e c t r a l  response o f  t he  measur ing i n s t r u -  

ment i s  c r i t i c a l  when t r y i n g  t o  p r e d i c t  t h e  a c t u a l  i n t e n s i t y  on a  c e l l  t h a t  has 

a  geometry d i f f e r e n t  f rom t h a t  o f  t h e  d e t e c t o r .  The d e t e c t o r s  used a r e  u s u a l l y  

the rma l  d e t e c t o r s  i n v o l v i n g  c a l o r i m e t e r s ,  o r  rad iomete rs  t h a t  i n v o l v e  a  thermal -  

p i l e .  To have r e 1  i a b l e  measurements one must have a  f l a t ,  wide band response 

d e t e c t o r  w i t h  t h e  exac t  a p e r t u r e  o f  t h e  s o l a r  c e l l ,  p o s i t i o n e d  i n  t h e  exac t  

P o s i t i o n  i n  t h e  concen t ra to r  as t h e  s o l a r  c e l l .  I f  t h i s  t e s t  procedure r e q u i r e s  

o n l y  p a r t i a l  i l l u m i n a t i o n  o f  t h e  a c t i v e  area o f  t h e  d e t e c t o r  t hen  t h e  c a l i -  

b r a t i o n  o f  t h e  d e t e c t o r  cannot  be cons idered  r e l i a b l e .  Exper ience a t  ASU has 

i n d i c a t e d  t h a t  these  types  o f  d e t e c t o r s  a re  n o t  h i g h l y  accura te .  For example, 

two d e t e c t o r s  f rom t h e  same manufac tu re r  des igned f o r  d i f f e r e n t  ranges b u t  

c a l i b r a t e d  over  an ove ra l app ing  range i n d i c a t e d  a  d i f f e r e n c e  i n  energy d e n s i t y  

o f  20% between t h e  two d e t e c t o r s .  I t  i s  n o t  c l e a r  how a  s teep energy g r a d i e n t  

ac ross  a  thermal d e t e c t o r  a f f e c t s  i t s  c a l i b r a t i o n .  I t  i s  a l s o  n o t  c l e a r  how 

the  ell w i l l respond when exposed t o  a  steep i n t e n s i t y  v a r i a t i o n  across t h e  c e l l .  

I n  e s s e n t i a l l y  al-1 c o n c e n t r a t i o n  systems, c e l l s  w i l l  be exposed t o  t h e  

non-un i  f o r m i  ty  o f  i 11 umi n a t i  on across t h e  c e l l  . T r a d i t i o n a l  space t y p e  c e l l  s  

have shown a  v a r i a t i o n  i n  o u t p u t  depending on t h e  l o c a t i o n  and u n i f o r m i t y  o f  



o f  t h e  i l l u m i n a t i o n ,  To a  l a r g e  p a r t  t h i s  v a r i a t i o n  was due t o  t h e  s e r i e s  

r e s i s t a n c e  i n  t h e  d i f f u s i o n  l a y e r  which r e s u l t e d  i n  a  d i f f e r e n c e  i n  o u t p u t  

whether a  spo t  o f  i l l u m i n a t i o n  was mid-way between c o n t a c t  f i n g e r s  o r  near  a  

c o l l e c t i n g  f i n g e r .  The des ign  o f  c e l l s  f o r  h i g h  c o n c e n t r a t i o n  has r e s u l t e d  i n  

l o w e r i n g  t h e  s e r i e s  r e s i s t a n c e  and one would expect  these c e l l s  t o  be l e s s  

s e n s i t i v e  t o  t h e  u n i f o r m i t y  o f  coverage. However t h e  e f f e c t  o f  v a r i a t i o n  o f  

i n t e n s i t y  has n o t  been e x p e r i m e n t a l l y  i n v e s t i g a t e d .  I t  may w e l l  be t h a t  t h e  

" e f f e c t i v e "  i l l u m i n a t i o n  l e v e l  may be es t ima ted  by j u s t  averag ing  t h e  energy 

d e n s i t y  a t  t h e  c e l l  su r f ace .  

The de te rm ina t i on  o f  t h e  c e l l ' s  e f f i c i e n c y  under concen t ra ted  s u n l i g h t  

i s  comp l i ca ted  by t h e  geometry o f  t h e  c e l l  and t h e  u n c e r t a i n t y  i n  i t s  a c t u a l  

i l l u m i n a t i o n .  The geometry concern i s  about  what t h e  a c t i v e  area o f  t h e  c e l l  

r e a l l y  i s .  C e l l s  des igned f o r  h i g h  c o n c e n t r a t i o n  w i l l  p r obab l y  have l a r g e  

bussbars on t h e  edge o f  t h e  c e l l  t o  c a r r y  t h e  h i g h  c u r r e n t s  generated. 

A1 though these  l a r g e  ohmics cover  a  reasonabl  e  area o f  t h e  c e l l  , t h e  systems 

w i l l  p r obab l y  be designed such t h a t  t h e  concen t ra ted  s u n l i g h t  w i l l  f a l l  between 

t h e  bussbars.  A l l  o f  t h e  e f f i c i e n c y  da ta  r e p o r t e d  f rom ASU thus  f a r  has 

assumed t h e  t o t a l  a r e a o f  t h e  c e l l  i n c l u d i n g  t h e  bussbars, which i s  t h e  t r a d -  

i t i o n a l  way o f  r e p o r t i n g  e f f i c i e n c i e s  f o r  one sun c e l l s .  I f  o n l y  t h e  area 

between t h e  bussbars were used i t  would r e p r e s e n t  perhaps a  10% i nc rease  i n  t h e  

e f f i c i e n c y  percentage. For c o n c e n t r a t i o n  c e l l s  i t  i s  p robab l y  b e t t e r  t o  use 

t h e  area i n s i d e  t h e  busses as t h e  a c t i v e  area o f  t h e  c e l l .  T h i s  area w i l l ,  

o f  course, i n c l u d e  t h e  s m a l l ~ c o l l e c t i n g  g r i d  across t h e  c e l l .  The area c o r -  

r e c t i o n  i s  taken  i n t o  account d u r i n g  t h e  c a l i b r a t i o n  o f  t h e  c e l l  under one 

s u n l i g h t  o f  i n t e n s i t y .  

As ment ioned p r e v i o u s l y ,  i t  i s  u s u a l l y  d i f f i c u l t  t o  determine t h e  

a c t u a l  i n t e n s i t y  on a  c e l l  f rom a  measurement u s i n g  a  separa te  rad iomete r  

i n  t h e  concen t ra ted  zone. For  c e l l s  t e s t e d  a t  ASU t o  date,  a  number o f  

exper iments  have been performed which i n d i c a t e  t h a t  t h e  s h o r t  c i r c u i t  

c u r r e n t  o f  t h e  c e l l  i s  perhaps t h e  most  accu ra te  method o f ' d e t e r m i n i n g  

i n c i d e n t  energy on t h e  c e l l .  D u r i n g  t h e  one sun t e s t i n g  t h e  s h o r t  c i r c u i t  

c u r r e n t  whi-ch corresponds t o  100 mw/cm2 i s  determined f o r  t h e  c e l l  . I t  i s  

t hen  assumed t h a t  t h e  r a t i o  of i n c i d e n t  enersy and s h o r t  c i r c u i t  c u r r e n t  

remai:ns cons tan t  a t  h i ghe r  concen t ra t i ons .  Thus if a  s h o r t  c i r c u i t  c u r r e n t  

i s  read  f o r  a  c e l l  under i l l u m i n a t i o n  whose s h o r t  c i r c u i t  c u r r e n t  i s  1 0  

t imes  th .a t  o f  t h e  one sun l e v e l ,  then  t h e  c o n c e n t r a t i o n  r a t i o  i s  d e f i n e d  as 

10  suns. T h i s  method has proven success fu l  f o r  concen t ra t i ons  up t o  100. 
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suns. I t  has a l s o  been used f u r  cunceri,Lreatiur~s o v e r  1000 suns b u t  d a t a  

has n o t  be.en c o l l e c t e d  w.h.ich w i l l  s u b s t a n t i a t e  i t s  v a l i d i t y .  T h i s  1  i n e a r  

r e l a t i o n s h i p  may w e l l  be. dependent upon t h e  p a r t i c u l a r  c e l l  be ing  t e s t e d .  

We.have estab1i :shed more conf idence i n  t h e  s h o r t  c i r c u i t  c u r r e n t  method 

o f  d e t e r m i n i n g  i n t e n s i t y  t h a n  any o t h e r  method c u r r e n t l y  t r i e d .  

The tempera tu re  dependence o f  s i l i c o n  c o n c e n t r a t i o n  c e l l s  t e s t e d  t o  

d a t e  have i n d i c a t e d  t h a t  t h e y  respond i n  t h e  same way as one sun s i l i c o n  

c e l l  s .  F i g u r e s  18, 19 and. 20 , g i v e  t h e  tempera tu re  dependence o f  t h e  open 

c i r c u i t  v o l t a g e ,  t h e  s h o r t  c i r c u i t  c u r r e n t  and o v e r a l l  e f f i c i e n c y  r e s p e c t i v e l y  

( 3 7 ) .  F i g u r e  18 shows t h e  1  i n e a r  dependence o f  open c i r c u i t  v o l t a g e  o.n 

tempera tu re  w i t h  on1.y a  s l i g h t  change i n  s l o p e  as t h e  i n t e n s i t y  i n c r e a s e s .  

F i g u r e  19 shows t h a t  t h e  s h o r t  c i r c u i t  c u r r e n t  i s  e s s e n t i a l l y  c o n s t a n t  w i t h  

tempera tu re  a t  v a r i o u s  i l l u m l n a t S o n  1,evels.  T h i s  . i s  e s p e c i a l l y  r e a s s u r i n g  

when one i s  u s i n g  t h e  s h o r t  c i r c u i t  c u r r e n t  as a  measure o f  t h e  i n c i d e n t  

energy on  t h e  c e l l .  The e f f i c i e n c y  dependence on c e l l  t empera tu re  shown i n  

F i g .  20 i s  e s s e n t i a l l y  l i n e a r  f o r  t h e  l o w  c o n c e n t r a t i o n  l e v e l s  i n d i c a t e d  by 

t h e  d a t a  p o i n t s  on t h i s  p l o t .  The e f f i c i e n c y  b e i n g  about  t h e  same f o r  a  g i v e n  

tempera tu re  a t  a  v a r i e t y  o f  d i f f e r e n t  c o n c e n t r a t i o n  r a t i o s  i n  t h i s  p l o t  

i n d i c a t e s  t h a t  t h e  decrease i n  open c i r c u i t  v o l t a g e  as a  r e s u l t  o f  i n c r e a s e d  

tempera tu re  i s  j u s t  abou t  o f f s e t  by t h e  i n c r e a s e  i n  e f f i c i e n c y  due t o  h i g h e r  

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

The tempera tu re  c h a r a c t e r i s t i c s  o f  GaAs c e l l s  has n o t  been e x t e n s i v e l y  

r e p o r t e d  i n  t h e  a v a i l a b l e  l i t e r a t u r e .  P r e l i m i n a r y  data  i n  F i g .  21 on t h e  

tempera tu re  dependence o f  t h e  GaAs c e l l s  i n d i c a t e s  t h a t  t h e  s l o p e  o f  t h e  

tempera tu re  dependence decreases w i t h  i n c r e a s i n g  i 11 umi n a t i o n  ( 3 3 ) .  

For purposcs o f  c o l l c c t i n g  c x p c r i m c n t a l  da ta  i t  would be d e s i r e d  t o  

t e s t  c e l l s  a t  a  c o n s t a n t  tempera tu re  as one inc reases  t h e  i n t e n s i t y .  As 

c o o l i n g  i s  i n c r e a s e d  w i t h  i n c r e a s i n g  i n t e n s i t y  t h e  tempera tu re  g r a d i e n t s  

become more severe and t h e  e f f e c t i v e  tempera tu re  o f  t h e  c e l l  becomes more 

q u c s t i o n a b l c .  The method o f  c o o l i n g  t h e  c e l l  and t h e  methud and l o c a t i o n  o f  

m o n i t o r i n g  c e l l  t empera tu re  becomes more c r u c i a l  a t  h i g h e r  i l l u m i n a t i o n s .  

F i g u r e  22 shows a  schemat ic  o f  t h e  system used t o  c o l l e c t  d a t a  r e p o r t e d  i n  

F i g s .  18-20. I n  t h i s  system, t h e  c e l l  was heated from t h e  back w i t h  an 

e l e c t r i c  r e s i s t a n c e  h e a t e r  and p a r t i a l l y  c o o l e d  by a  s low f l o w  o f  argonne gas 

above t h e  c e l l .  The purpose o f  t h e  gas was p r i m a r i l y  t o  p r o v i d e  an i n e r t  

atmosphere f o r  h i g h  tempera tu re  o p e r a t i o n  o f  t h e  c e l l  r a t h e r  t h a n  f o r  c o o l i n g  
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F i g  . 18. . Temperature dependence o f  open c i r c u i t  v o l  tage  a t  v a r y i n g  
i n t e n s i t y  l e v e l s  f o r  a  2x2 cm c o n c e n t r a t i o n  s o l a r  c e l l .  
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F i g .  19. Temperature dependence o f  s h o r t .  c i r c u i t  c u r r e n t  a t  
v a r y i n g  i n t e n s i t y  1  eve1 s  f o r  a  2x2 cm c o n c e n t r a t i o n  s o l a r  c e l l  . 



CELL 1 EMPERATURE ( O C )  

F i g .  20. ~ e m ~ e r a t u r e  dependence o f  e f f i c i e n c y  a t  v a r y i n g  
i n t e n s i t y  l e v e l s  f o r  a  2x2 cm c o n c e n t r a t i o n  s o l a r  c e l l .  
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F ig .  21'. The open c i r c u i t  v o l t a g e  f o r  t h e  Var ian  Ga-A1 -As c e l l  
(10-11-775 RF1) as a. f u n c t i o n  o f  temperature up t o  about  150, suns. 
The v o l  tage  tempera,ture c o e f f i c i e n t  decreases c o n s i d e r a b l y  as 
i n t e n s i t y  i nc reases .  



c e l l ,  The temperature was measured by an thermocouple mounted on t h e  back of  

t h e  s o l a r  c e l l ,  F o r  concen t ra t i ons  under h i g h  i l l u m i n a t i o n  t h e  h e a t i n g  i s  

done by s u n l i g h t  absorbed i n  t h e  c e l l  and c o o l i n g  must be p rov i ded  by e i t h e r  

gaseous f low across t h e  su r f ace  o r  c o o l i n g  on t h e  back sur face  o f  t h e  c e l l  

o r  mount ing p l a t e .  I f  t h e  c e l l  base p l a t e  i s  di;ectly coo led  w i t h  water  under 

h i g h  i l l u m i n a t i o n ,  t h e  thermocouple l o c a t e d  i n  t h i s  p o s i t i o n  may w e l l  m o n i t o r  

t h e  temperature o f  t h e  c o o l i n g  p l a t e  r a t h e r  than  t h e  c e l l  temperature.  Most 

t e s t i n g  a t  ASU has been done ii t h  t h e  th,ermocouple mounted a g a i n s t  t h e  edge 

o f  t h e  c e l l  i n  such a  way t h a t  i t  does n o t  shadow t h e  c e l l .  Separate thermal  

exper iments have i n d i c a t e d  t h a t  a  s i l i c o n  c e l l  o f  2"  d iamete r ,  i l l u m i n a t e d  

under 100 suns i n t e n s i t y ,  w i l l  have a  temperature o f  perhaps 30" C h i ghe r  i n  

t h e  cen te r  than  a t  t h e  edge o f  t h e  c e l l .  The re fo re  t h e  e f f e c t i v e  temperature 

o f  t h e  c e l l  may be d i f f i c u l t  t o  es t imate .  One method t h a t  has been done by 

o t h e r  exper imenters  i s  t o  assume t h e  open c i r c u i t  v o l t a g e  dependence on 

i n t e n s i t y  as l o g r i t h m i c  and a d j u s t  t h e  c o o l i n g  such t h a t  t h e  open c i r c u i t  

v o l t a g e  i s  t h e  va lue  t h a t  corresponds t o  t h e  p r e d i c t e d  va lue  f o r  t h a t  concen- 

t r a t i o n .  Exper iments a r e  underway t o  eva lua te  t h e  v a l i d i t y  o f  t h i s  approach. 

There a r e  a d d i t i o n a l  temperature c o n s i d e r a t i o n s  f o r  t e s t i  ng so l  a r  c e l l  s  

under concen t ra ted  l i g h t .  The main t h i n g  i s  t o  ensure t h a t  none o f  t h e  o t h e r  

components a r e  adve rse l y  a f f e c t e d  b y  t h e  s u n l i g h t .  Fo r  example, t h e  e l e c t r i c a l  

l eads  and thermocouple l eads  coming from t h e  c e l l  may be exposed t o  ve r y  h i g h  

i n t e n s i t y  s u n l i g h t  w i t h o u t  adequate c o o l i n g .  I t  i s  v e r y  easy t o  m e l t  e l e c t r i c a l  

l eads  o r  burn  i n s u l a t i o n  on t h e  leads  w h i l e  t h e  c e l l  remains a t  an accep tab le  

temperature.  For c e l l  t e s t i n g  a t  ASU t h e  sur round ing  area near t h e  c e l l  i s  

covered w i t h  a  h i g h l y  r e f l e c t i v e  tape  t o  p r o t e c t  ad jacen t  components f rom 

ove rhea t i  ng . 
Specia l  c o n s i d e r a t i o n  needs t o  be g i v e n  t o  t h e  e l e c t r i c a l  measurement 

o f  c e l l  c h a r a c t e r i s t i c s  under concen t ra ted  s u n l i g h t .  One o f  t h e  uniquenesses 

o f  c o n c e n t r a t i o n  c e l l s  i s  t h a t  t h e  o u t p u t  c u r r e n t  o f  a  smal l  c e l l  can be i n  

amperes r a t h e r  t han  i n  m i l l i a m p e r e s .  Th i s  i m p l i e s  t h e  need f o r  p roper  measur- 

i n g  equipment and l e a d  w i r e s  coming f rom t h e  c e l l  t o  ensure t h a t  t h e  charac-  

t e r i s t i c s  be ing  recorded  a r e  due t o  t h e  c e l l ' s  o u t p u t  o n l y .  Wi th  h i g h  

c u r r e n t s  smal l  c o n t a c t  r e s i s t a n c e s  may become ve ry  s i g n i f i c a n t .  For  t e s t i n g  

a t  ASU we u s u a l l y  s o l d e r  heavy w i r e s  on to  t h e  bussbars o f  ' t he  c e l l  w i t h  a t  

l e a s t  two w i r e s  connec t ing  t h e  c e l l  w i t h  t h e  e l e c t r o n i c  l oad .  The v o l t a g e  

r r lon i to r ing  o f  the c e l l  i s  done w l t h  comp le te l y  separa te  l i n e s  f rom t h a t  



used t o  c a r r y  t h e  c u r r e n t .  Agai.n th . is  i s  done w i t h  two separ'dle l i n e s  i n  

p a r a l l e l  go ing  t o  t h e  e l e c t r o n i c  l o a d .  The c u r r e n t  l e a d  coming o f f  t h e  back 

sur face  of t he  c e l l  shou ld  u s u a l l y  be so ldered  on to  t h e  c e l l  t o  ensure low 

c o n t a c t  r e s i s t a n c e .  Techniques such as us i ng  t h e  c e l l  mount ing b l o c k  f o r  

t h e  c e l l  e l e c t r i c a l  l e a d  p i ckup  can g i v e  m i s l e a d i n g  i n f o r m a t i o n  due t o  t h e  

v o l t a g e  d rop  across t h e  adhes ive.  A  b e t t e r  .method would be t h e  s o l d e r i n g  

o f  t h e  c e l l  d i r e c t l y  on to  t h e  mount ing p l a t e .  T h i s  may, however, p resen t  a  

problem d u r i n g  tempera tu re  c y c l i n g  i f  t h e  c o e f f i c i e n t  o f  expansion o f  t h e  c e l l  

i s  d i f f e r e n t  t h a n  t h a t  o f  t h e  s u b s t r a t e .  We have used Molybdenum subs t ra tes  

f o r  a l o t  o f  t h e  t e s t i n g  s i n c e  Mnly  and s i l i c o n  have s i m i l a r  expansion co- 

e f f i c i e r ~ t s  . There i s y  however, d i  f f i c u l  t y  i n  s o l d e r i n g  on to  Molybdenum, 

Resul t s  o f  Concen t ra t i on  C e l l  Test ing:  

The e f f  i c i c n c y  o f  c e l l  s n o t  es.pecia1 l y  designed f o r  c o n c e n t r a t i o n  

fa1  1s o f f  ve r y  r a p i d l y  w i t h  inc reased  i n t e n s i t y  due t o  t h e  v o l t a g e  drop across 

t h e  s e r i e s  r e s i s t a n c e .  Des ign ing  c e l l  s  f o r  h i g h  concen t ra t i ons  i n v o l v e s  

l o w e r i n g  t h e  s e r i e s  r e s i s t a n c e ,  p r i m a r i l y  by t h e  des ign  o f  a  f i n e  g r i d  p a t t e r n  

On t h e  su r f ace  o f  t h e  c e l l .  The i d e a l  c e l l  would show an i nc rease  o f  e f f i -  

c i e n c y  as c o n c e n t r a t i o n  inc reases  due t o  t h e  l o g r i t h m i c  i nc rease  o f  open 

c i r c u i t  v o l t a g e  w i t h  i n t e n s i t y  and t he  l i n e a r  dependence o f  a  s h o r t  c i r c u i t  

c u r r e n t .  Typ i ca l  c e l l s ,  however, beyond a  c e r t a i n  p o i n t  o f  c o n c e n t r a t i o n  

s t a r t  expe r i enc ing  v o l t a g e  drops due t o  t h e  h i g h  c u r r e n t s  and t h e i r  s e r i e s  

r e s i s t a n c e  l e v e l s  which r e s u l t s  i n  a decreas ing  e f f i c i e n c y  as c o n c e n t r a t i o n  

con t i nues  t o  i n c r e a s e .  F i g u r e  23 shows t h e  f a m i l y  o f  I4 curves f o r  con- 

c e n t r a t i n g  v a r y i n g  f rom 11 t o  36 suns. The peak e f f i c i e n c y  i s  about cons tan t  

f o r  t h i s  range o f  c o n c e n t r a t i o n .  Th i s  da ta  was ob ta i ned  t h rough  t e s t i n g  i n  a  
r 

concent ra . tor  sun1 i g h t  s ' i ~ r ~ u l a t o r  ( 3 4 ) .  Tak ing t h e  da ta  by Spec t ro l ab  i n  

F i g .  23 and p l o t t i n g  t h e  maximum e f f i c i e n c y  as a  f u n c t i o n  o f  c o n c e n t r a t i o n  

r e s u l t s  i n  F i g .  24. A lso  shown i n  F i g .  24 i s  t h e  r e s u l t  o f  an exper imenta l  

measurement a t  ASU on a  s i m i l a r  b u t  d i f f e r e n t  c e l l  made i n  a c t u a l  concen- 

t r a t e d  s u n l i g h t .  As vrle can see, they  have t h e  same genera l  shape i n d i c a t i n g  

t h e  good app rox ima t i on  by t he  s i m u l a t o r .  These c e l l s  f rom Spec t ro l ab  a r e  

2  cm X 2  cm i n  dimension w i t h  l a r g e  ohmic con tac t s  go ing  down two s ides  w i t h  

40 g r i d  f i n g e r s  c r o s s i n g  between t h e  ohmics. The e f f i c i e n c i e s  r e p o r t e d  a r e  

f o r  t h e  e n t i r e  area o f  t h e  c e l l  i n c l u d i n g  t h e  l a r g e  bussbars go ing  down t h e  

edges. I f  o n l y  t h e  a c t i v e  area o f  t he  c e l l  i s  usea f o r  e f f i c i e n c y  ca l cu -  

l a t i o n s  then  t h e  peak e f f i c i e n c y  goes f rom 15.2% t o  17.8%. 
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12t (corrected to 25O C 

F i g ,  24. Compar i son  o f  t h e  tempera tu re  c o r r e c t e d  d a t a - o n  s i m i l a r  ' c e l l  s  t e s t e d  
a t  ~ p e c t r o l a b '  and a t  ASU.  

I1 

F i g .  25.  The measured e f f i c i e n c y  o f  t h e  RCA s i l i c o n  c e l l  o b t a i n e d  f rom Sandia 
u s i n g  t h e  s h o r t  c i r c u i t  c u r r e n t  f o r  t h e  d e t e r m i n a t i o n , o f  c o n c e n t r a t i o n  r a t i o .  
A1 1. d a t a  was t a k e n  a t  25OC+6OC ( e x c e p t  t h e  960 p o i n t  was a t  41 OC) and p l o t t e d  
a f t e r  c o r r e c t e d  t o  25OC. f h e  e f f i c i e n c y  c a l c u l a t i o n  used t h e  e n t i r e  a rea  o f  
t h e  c e l l  minus t h e  a r e a  o f  the 'ohmic  around t h e  o u t s i d e  o f  t h e  c e l l .  
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. F i g u r e  25 shows t h e  e f f i c i e n c y  performance o f  an RCA c e l l  t e s t e d  a t  

ASU. These. RCA s i l i c o n  c o n c e n t r a t i o n  c e l l s  a r e  0.25 X 0125 inches  square b u t  

w i t h  ohmics a t  t h e  fou r  co rners  a r e  such t h a t  t h e  a c t i v e  area of  t h e  c e l l  was 

a  .533 cm d iameter  c i r c l e ,  T h i s  c e l l  was mounted by RCA on to  a  t r a n s i s t o r  

base subs t ra te .  The one sun e f f i c i e n c y  o f  t h i s  c e l l  was 13.5%. The c e l l ' s  

peak e f f i c i e n c y  was approx imate ly  17.8% a t  250 suns. The e f f i c i e n c y  o f  t h e  

c e l l  remains above t h e  one sun e f f i c i e n c y  l e v e l  a f t e r  1000 suns c o n c e n t r a t i o n .  

Ga l l i um  a rsen ide  c e l l s  a r e  o f  s p e c i a l  i n t e r e s t  f o r  c o n c e n t r a t i o n  

a p p l i c a t i o n s  due t o  t h e i r  h i g h  e f f i c i e n c i e s  and t h e i r  t o l e r a n c e  o f  h i g h e r  

temperatures.  F i g u r e  26 shows some I - V  curves f rom Var ian  Assoc ia tes  taken  

on one o f  t h e i r  g a l l i u m  a rsen ide  c e l l s .  A somewhat s i m i l a r  c e l l  f rom Va r i an  

Assoc ia tes  t e s t e d  a t  ASU gave t h e  performance seen i n  F i g .  27. The one sun 

e f f i c i e n c y  a t  25OC was 17.6%. The peak e f f i c i e n c y  was a t  21.7% a t  l e s s  than  

50 suns. Th i s  c e l l  showed t h e  e f f i c i e n c y  d ropp ing  a t  1000 suns t o  approx imate ly  

14%. T y p i c a l  GaAs c o n c e n t r a t i o n  c e l l s  show peak ing a t  much h i g h e r  concent ra-  

t ' i on  r a t i o s .  The p l o t  o f  open c i r c u i t  v o l t a g e  as a  f u n c t i o n  o f  s h o r t  c i r c u i t  

c u r r e n t  showed a  decrease i n  v o l t a g e  a t  t h e  h i ghe r  c o n c e n t r a t i o n  l e v e l s  

i n d i c a t i n g  t h a t  perhaps t h e  e f f e c t i v e  temperature o f  t h e  c e l l  was h i ghe r  than  

t h e  mon i t o red  temperature a t  t h e  back o f  t h e  c e l l .  A more e f f e c t i v e  c o o l i A g  

techn ique  m i g h t  r e s u l t  i n  much h i g h e r  e f f i c i e n c i e s  i n d i c a t e d  a t  t h e  h i g h e r  

concen t ra t i ons .  F i g u r e  28 shows t h e  l i n e a r  decrease o f  open c i r c u i t  v o l t a g e  

w i t h  temperature f o r  concen t ra t i ons  up  t o  about  150 suns. One shou ld  n o t e  

t h a t  t h e  temperature c o e f f i c i e n t  appears t o  decrease as t h e  c o n c e n t r a t i o n  

i nc reases .  A t  1000 suns t h e  s l ope  of  t h e  cu rve  decreased t o  -1.18 mv per  

degree C .  

A  number o f  p h o t o v o l t a i c  c o n c e n t r a t o r  modules have r e c e n t l y  been 

b u i l t  and a r e  s t a r t i n g  t o  be t e s t e d .  Very l i t t l e  o f  t h e  da ta  has been r e p o r t e d  

on these  modules. F igures  29 and 30 show t h e  1  kW a r r a y  b u i l t  and t e s t e d  by 

Sandia L a b o r a t o r i e s  ( 32 ) .  F i gu res  31 and 32 show t h e  nominal 1  kW system 

b u i l t  and t e s t e d  by  Yar ian  Assoc ia tes  ( 36 ) .  F i gu re  33 shows t h e  modules 

d e l i v e r e d  t o  Sandia by RCA L a b o r a t o r i e s  t h a t  i n v o l v e  l enses  which p r o v i d e  

c o n c e n t r a t i o n  o f  about  300 suns on t h e  RCA c e l l s .  The o v e r a l l  system e f f i c i e n c y  

o f  t h i s  u n i t  o f  e l e c t r i c a l  o u t p u t  t o  energy i n c i d e n t  on t h e  l e n s  i s  about  

10% ( 3 7 ) .  F i g u r e  34 shows t h e  CPC s o l a r  c e l l  c o n c e n t r a t i o n  a r r a y  b u i l t  by 

Argonne Na t i ona l  L a b o r a t o r i e s  and de l  i v e r e d  t o  Sandia f o r  t e s t i n g  . Again 

t h e  o v e r a l l  e f f i c i e n c y  o f  t h i s  system i s  about  10%. F i g u r e  35  shows t h e  I - V  

cu rve  f o r  t h e  e n t i r e  a r r a y  showing t h e  f a i r l y  sharp knee o f  t h e  cu r ve  ( 3 8 ) .  
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F i  3 .  26. C u r r e n t .  v o l  t a g e  
c u r v e s  f o r  a  GaAs c o n c e n t r a t i o n  
c e l l  made and t e s t e d  by 
V a r i a n  Assoc. ( 2 6 )  , 

CONCENTRATION (SUNS) 

F i g .  27. Data on t h e  Y a r i a n  GaAs c e l l  (10-11-77RF1). The c i r c l e d  d a t a  p o i n t s  
were t a k e n  a t  a  c e l l  t empera tu re  o f  25OC and t h e  squared p o i n t s  were t a k e n  a t  
7 5 O C .  The s o l i d  l i n e s  a r e  approx ima te  f i t  cu rves .  



148 SUNS 

Fig. 2.28. The open c i r c u i t  voltage fo r the  Yarian GaAl-As ce l l  (10-11-775 RF1) as a  
function of temperature up to  about 150 suns. The voltage temperature coef f ic ien t  
decreases considerably a s  in tens i ty  increases. 

Fig. 29. The 1 kW peak photovoltaic concentration system u t i l i z i n g  
c i r cu l a r  Fresnel 1  enses bui? t by Sandia Lahs . 
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Fig. 30. ciose up of the Solar cells ' in the Sandia 1 kW system 

Fig. 31. Nominal ':lib7 Photovoltaic Concentration system built and tested 
by Varian. . - 
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Fig .  32. Close up o f  the  GaAs c e l l s  i n  t h e  Var lan,  1 kW system. 

F i g .  33 Three RCA 
modules o f  1 enses 
which provide a 
concentrat ion o f  
about 300 suns 
onto s i l i c o n  c e l l s .  



~ i g .  34. A photovol t a i c  concent ra t ion  panel u t f  1 i z i n g  compound 
parabol i c  concentrators (CPC) designed by Argonne Labs. 
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Fig.  35. The c u r r e n t  vo l t age  c h a r a c t e r i s t i c s  o f  t he  Argonne panel 
shown i n  ~ i ~ .  34. 
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Sandia Labora tor ies  i n  Albuquerque, NM have t h e  program r e s p o n s i b i l i t y  

t o  DOE f o r  t h e  development o f  concent ra to r  pho tovo l t a i c  systems. They a r e  

i n  t h e  process o f  a c q u i r i n g  severa l  modular u n i t s  of  photovol t a i c  concentra- 

t o r  systems. Table 4  i s  a  l i s t i n g  o f  t h e  types o f  modular a r rays  beiny 

acqui red w i t h  t h e  corresponding r a t e d  peak ou tpu t  and s u p p l i e r  i nd i ca ted .  

One o f  t h e  uniqueness o f  pho tovo l t a i c  conver te rs  i s  t h a t  t h e i r  e f f i c i e n c y  

i s  e s s e n t i a l l y  independent o f  t h e  s i z e  o f  t he  system, t he re fo re ,  pho tovo l t a i cs  

can be combined w i t h  any concent ra to r  c o n f i g u r a t i o n  i n  a  modular type  o f  way 

such t h a t  t h e  t e s t i n g  o f  a  module can be rep resen ta t i ve  o f  any s i z e  system 

made frorn t h a t  bas ic  module. 

Sandia has cont rac ted  t o  have t h r e e  separate 10 kW p h o t o v o l t a i c  systems 

designed and b u i l t .  F igure  36 shows t h e  c o n f i g u r a t i o n  being b u i l t  by M a r t i n  

rdar ie t ta .  The upper l e f t  hand corner  shows what an i n d i v i d u a l  module o f  t h i s  

system would l o o k  l i k e .  I t  u t i l i z e s  c i r c u l a r  f r e s n e l  lenses w i t h  an approx i -  

mate ly  40 suns o f  concent ra t ion .  I t  t racks  the  sun i n  two axes and i s  pas- 
'&' 

s i v e l y  cooled. Each o f  these main a r rays  would c o n s i s t  o f  34 detachable 

modules mounted on t h e  suppor t  tube. Each module assembly encloses f o u r  s i l i -  

con s o l a r  c e l l s  made by OCLI, mounted w i t h  a  s i n g l e  Fresnel l ens  c o n t a i n i n g  

f o u r  f oca l  p o i n t  focus ing  pa t te rns .  The module s i z e  i s  1  f t  X 4  ft. The 

complete a r r a y  i s  42 f t  long,  9 f t  h igh  and conta ins  a l l  t h e  necessary d r i v e  

mechanisms t o  c o n t r o l  t h e  e l e c t r o n i c s .  Th i s  i n d i v i d u a l  a r r a y  i s  designed t o  

have a  peak power o f  2.3 kW being d e l i v e r e d  a t  114 v o l t s .  I t s  o v e r a l l  

e f f i c i e n c y  i s  about 9%. F igu re  37 shows t e s t  r e s u l t s  f o r  one o f  these 

modules. 

A  separate 10 kW concent ra to r  system i s  being designed and b u i l t  by 

Spectro lab i n  Sylmar, CA, The o p t i c s  i n  t h i s  system c o n s i s t  o f  a  r e f l e c t i v e  

pa rabo l i c  t rough w i t h  a  compound e l i p t i c a l  secondary r e f l e c t o r  and absorber 

element. The modules a r e  o r i e n t e d  on a  carousel f o r  azmith t r a c k i n g  and 

a r e  ganged together  i n  a  venet ian  b l i n d  approach f o r  e l e v a t i o n  t rack ing .  

A  geometr ica l  concent ra t ion  o f  25 i s  used. The design u t i l i z e s  passive 

c o o l i n g  which prov ides a  nominal c e l l  ope ra t i ng  temperature of  l e s s  than 

74°C. The e n t i r e  carousel concept can be seen i n  F ig .  38. The s p e c i f i c a t i o n s  

f o r  t h i s  system are  shown i n  Table 5. 

F i g u r e  39 shows t h e  conceptual des ign f o r  a 10 kW system by t h e  AAI 

Corp. o f  Bal t imore,  MD. Th is  system u t i l i z e s  a  200-1 o p t i c a l  concent ra to r  
8 

w i t h  c e l l s  being prov ided by Solarex, Corp, It u t i l i z e s  a  f l u i d  l o o f  heat  
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Fig. 37.  Martin Marietta module per- 
formance test  results. 
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Fig.  38. The 1 0  kW s t e e r a b l e  s o l a r  
concen t r a to r  designed by Spec t ro l ab .  

Fig.  39. The 10  kW drray designed by 
the AAI Corp. using a 200/1 concen t r a to r .  



. ' T A B L E S  ' 

SPCCIrICATION SYSTEM DATA.  SI.ICET , 

ELECTR I CAL OUTPUT 11.5 KW 
( 1 8 ' ~  AMBIENT,  6 M/S: W I N D  100 MW/CM') 

2 A X I S  

10' TO 90° 

-130 TO +I30 

40 t d s  

' CELL s IZE 5.3 x 3.17 CM 

NO, OF CELLS/MODULE 78 
NO OF CELLS/SY STEH 3120 
TYPE O F  TRACKING A C Q U I S I T I O r 4  



t r a n s f e r  system f o r  c o o l i n g  t he  c e l l s .  The 200-1 system c o n s i s t s  o f  a  mount ing 

frame, second s u r f a c e  g l a s s  m i r r o r s ,  a  r e c e i v e r  photovo l  t a i c  c e l l  assembly 

and a  two axes s o l a r  t r a c k i n g  system. The m i r r o r s  a r e  r e l a t i v e l y  smal l  

( 3  f t .  X 5  f t )  sha l l ow  p a r a b o l i c  m i r r o r s  mounted on a  f i x e d  frame t o  m in im ize  

s t r u c t u r a l  mount ing problems. 

There i s  a  l a r g e  p h o t o v o l t a i c  c o n c e n t r a t i o n  system be ing  designed f o r  

i n s t a l l a t i o n  a t  t h e  M i s s i s s i p p i  County Cornmunity Co l l eye  i n  Arkansas. Th i s  

system w i l l  produce a  peak e l e c t r i c a l  o u t p u t  o f  362 kW. I t  i s  scheduled f o r  

opening August 15, 1979. The c o n c e n t r a t i o n  system i s  a  l i n e a r  f r e s n e l  

r e f 1  e c t o r  made by Honeywell . Each module . i s  16 f t l o n g  and p rov ides  a concen- 

t r a t i o n  o f  20 suns on to  t h e  s i l i c o n  s o l a r  c e l l s  be ing  p rov i ded  by So la rex ,  

Corp.  The c e l l s  w i l l  be a c t i v e l y  coo led  w i t h  t h e  waste heat  be ing  u t i l i z e d  

i n  t h c  b u i l d i n g  s t r u c t u r c i  l hcsc c c l l s  w i l l  havc dn o p e r a t i n g  c f f i c i c n c y  

o f  ove r  15%. 

Develop ing Technology f o r  P h o t o v o l t a i c  Concen t ra to r  Systems 

There a re  a  l a r g e  nuniber o f  d i f f e r e n t  approaches be ing  pursued i n  t h e  

n a t i o n a l  p h o t o v o l t a i c  concen t ra to r  program. Many o f  these a r e  t h e  necessary 

des ign  i n n o v a t i o n s  and t e s t  and demons t ra t ion  programs r e q u i r e d  f o r  t h e  

ma tu r i ng  o f  any t e c h n i c a l  f i e l d .  The ma jo r  c o n t r i b u t i o n  t o  t h e  advancement 

o f  p h o t o v o l t a i c  c o n c e n t r a t i o n  systenis w i l l ,  o f  course, be made i n  t h e  c o s t  

r e d u c t i o n  o f  e l e c t r i c a l  power. There a re ,  however, some t e c h n i c a l  concepts  

be ing  pursued wh ich  c o u l d  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  f u t u r e  o f  photo- 

v o l t a i c  c o n c e n t r a t i o n  systems. The main developmental e f f o r t  i s  i n  t h e  produc- 

t i o n  o f  c e l l  systems t h a t  may be capable  o f  30-35% convers ion  e f f i c i e n c i e s ,  

One major  advantage o f  p h o t o v o l t a i c  concen t ra to r  systems i s  t h a t  a t  

h i g h  concen t ra t i ons  t h e  c o s t s  o f  t h e  s o l a r  c e l l s  a r e  ve r y  smal l  compared w i t h  

o t h e r  components o f  t h e  system. However, t h e  c o s t  per  e l e c t r i c a l  o u t p u t  o f  t h e  

e n t i r e  system i s  i n v e r s l y  p r o p o r t i o n a l  t o  t h e  e f f i c i e n c y  o f  t h e  s o l a r  c e l l s .  

The re fo re  i t  c o u l d  economica l l y  pay t o  have h i g h  e f f i c i e n c y  s o l a r  c e l  I s  even 

if t h e i r  cos t s  a r e  h i g h .  I t  i s  q u i t e  conce ivab le  t h a t  f o r  c o n c e n t r a t i o n  

systems a  c e l l  c o n f i g u r a t i o n  seen e i t h e r  i n  F i g .  40 ' o r  41 c o u l d  g r e a t l y  i n -  

c rease  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  c o n v e r t e r .  V a r i a t i o n s  o f  these two 

concepts  .have been r e c e n t l y  s tud i .ed by a  number o f  i n v e s t i g a t o r s  ( 3 9 ~ 4 9 )  

These techniques a r e  used t o  t ry  t o  u t i l i z e  a  g r e a t e r  percentage o f  t h e  s o l a r  

spectrum than do p resen t  da~;,,one j u n c t i o n  s o l a r  c e l l s .  I f  two, o r  more, 

d i f f e r e n t  band gap m a t e r i a l  c e l l s  a r e  used t oge the r  then  e f f i c i e n c i e s  o f  



Fig. 40. Optical ser ies  operation o f , s o l a r  c e l l s  to  u t i l i z e  a  greater 
percentage of ,  the solar spectrum ( 3 9 ) .  

FILTER I F ILTER 2 FILTER N - l  

: SPECTRUM sOk??+\b.&L 'h-0 CELL N 

CELL 2 CELL I , , CELL N -  I 

Fig. 41 . Mu1 t i p l e  cell  converter system incorporating f i l t e r s  to separate 
spectrum. ( 3 9 )  



30-40% can be c a l c u l a t e d  as p o s s i b l e .  I f  t h e  c e l l s  a r e  p u t  i n  o p t i c a l  s e r i e s  

t h e n  t h e  h i ghe r  band gap m a t e r i a l  would go f i r s t  w i t h  t h e  t r a n s m i t t e d  l i g h t  

i n c i d e n t  on subsequent l owe r  gap m a t e r i a l  c e l l s .  An a l t e r n a t e  way t o  s t a c k i n g  

t h e  c e l l s  o p t i c a l l y  i s  t o  use s e l e c t i v e  m i r r o r s  t o  d i v i d e  t h e  s o l a r  spectrum 

i n t o  energy bands t h a t  would  be exposed t o  se l ec ted  band gap s o l a r  c e l l s .  

The l a t t e r  approach has t h e  advantage f rom t h e  des ign  p o i n t  o f  v iew because 

t h e  problems assoc ia ted  w i t h  each c e l l  and t he  c o o l i n g  o f  i t  cou ld  be so lved  

independent  o f  t h e  o t h e r  components o f  t h e  system. The most d e s i r e d  c o n f i g -  

u r a t i o n ,  i f  t e c h n i c a l l y f e a s i b l e ,  would be t o  combine a l l  o f  t h e  d i f f e r e n t  

band yap m a t e r i a l s  i n t o  one composi te s t r c t u r e .  

I n  a d d i t i o n  t o  making c e l l s  t h a t  u t i l i z e  d i f f e r e n t  p a r t s  o f  t h e  s o l a r  

spectrum, one c o u l d  use t h e  approach o f  c o n v e r t i n g  t h e  f r equenc ies  i n  t h e  

s o l a r  spectrum t o  one t h a t  a  s o l a r  c e l l  c o u l d  conve r t  more e f f i c i e n t l y . .  A 

f requency  conve r t e r  concept  t h a t  was i n v e s t i g a t e d  some years  ago by Purdue 

U n i v e r s i t y  th rough  t h e  sponsorsh ip  o f  t h e  US Army, and more r e c e n t l y  by 
0 

S t a n f o r d  U n i v e r s i t y  th rough  t h e  sponsorsh ip  o f  EPRI, i s  one c a l l e d  thermal 

p h o t o v o l t a i c s .  Th i s  i s  a  concept  by which s u n l i g h t  i s  concen t ra ted  i n t o  a  

thermal  absorber  which i s  des igned t o  g e t  s u f f i c i e n t l y  h o t  t h a t  i,t r a d i a t e s  

i t s  energy as a b l a c k  body r a d i a t i o n  spectrum more i n  compl iance w i t h  t h e  

s p e c t r a l  response o f  t h e  c e l l  than  i s  t h e  s o l a r  spectrum. T h i s  u s u a l l y  r e -  

q u i r e s  ve r y  h i g h  temperatures i m p l y i n g  s o l a r  concen t ra t i ons  o f  about 10,000 

suns. The c e l l s  c o u l d  be des igned f o r  t h e  b l ack  body r a d i a t i o n  spectrum and 

a  number o f  advantages c o u l d  be d e r i v e d .  For example, an i n f r a r e d  r e f l e c t o r  

c o u l d  be p u t  on t h e  back o f  a  s i l i c o n  c e l l  which would r e f l e c t  no rma l l y  

wasted energy back t o  t he  r a d i a t i o n  source f o r  r e c y c l i n g .  C a l c u l a t i o n s  on 

t h e s e  Systems p r e d ~ c t  e f f i c i e n c i e s  i n  t h e  30-40% range. 

Another  f requency conve r t e r - concen t ra to r  be ing  pursued u t i l i z e s  a  f l a t  

p l a s t i c  sheet which c o n t a i n s  absorb ing  dyes t h a t  w i l l  r e - e m i t  absorbed 

energy i n  a  l i m i t e d  sgectrum. T h i s  re -emiss ion  f rom i n s i d e  t h e  sheet  o f  

p l a s t i c  c o u l d  be o p t i c a l l y  t rapped  by t h e  c r i t i c a l  ang le  o f  t h e  p l a s t i c  such 

t h a t  c o n c e n t r a t i o n  would r e s u l t  a t  t h e  edge o f  t h e  p l a s t i c  sheet .  A s o l a r  

c e l l  c o u l d  be mounted a t  t h e  edge which responds t o  t he  emiss ion  f requency 

o f  t h e  dye material . The t e c h n i c a l  and economic f e a s i b i l i t y  o f  these  

luminescen t  s o l a r  concen t ra to r s  i s  be ing  i n v e s t i g a t e d  by O w e n s - I l l i n o i s  

o f  Toledo, OH. 



Cost Goals and Est imates 

The o b j e c t i v e  o f  t h e  genera l  p h o t o v o l t a i c  program o f  i lOE  i s  t o  ensure 

t h a t  p h o t o v o l t a i c  systems p l a y  a  s i g n i f i c a n t  r o l e  i n  t h e  n a t i o n ' s  energy 

supply .  They have a  goal  o f  p r o v i d i n g  50,000 MW o f  i n s t a l l e d  e l e c t r i c a l  

gene ra t i ng  c a p a c i t y  by t h e  year  2000. The near term goal  ( 1  982) i s  t o  b r i n g  

t h e  c o s t  o f  p h o t o v o l t a i c  systems down t o  $2/peak w a t t  a r r a y  p r i c e .  By 1986 

i t  i s  hoped t h a t  t h e  a r r a y  p r i c e  w i l l  be 50CIpeak w a t t .  T h i s  shou ld  c o r -  

respond t o  50-80 m i l  1  s  per  kd hour.  The f a r  term goal  (2000) i s  t o  ach ieve  

10-30$/peak w a t t  f o r  t h e  a r r a y  p r i c e .  A l l  o f  t h e  p r i c e  yoa l s  a r e  quoted i n  

1975 do1 l a r s .  

The p h o t o v o l t a i c  concen t ra to r  techno logy  development p r o j e c t  be ing 

c a r r i e d  o u t  by Sandia L a b o r a t o r i e s  f o r  DOE i s  one o p t i o n  be ing  pursued t o  

o b t a i n  t h e  genera l  yoa ls  s t a t e d  above. Whi le  i t  i s  c l e a r  t h a t  c o n c e n t r a t i n g  

a r rays  o f f e r  s i g n i f i c a n t  p o t e n t i a l  f o r  near term a r r a y  c o s t  r e d u c t i o n ,  t h e  

o v e r a l l  p r o j e c t  goa ls  a r e  a l s o  aimed a t  deve lop ing  a r r a y s  which a r e  c o s t  

c o m p e t i t i t v e  i n  t h e  l ong  term.  The DOE budget a u t h o r i t y  f o r  t h i s  concen t ra to r  

techno logy  development program i n  FY 78 was $3.3 m i l l i o n .  I n  FY 79 i t  i s  

a n t i c i p a t e d  t h a t  a  l a r g e  i nc rease  w i l l  occur  i n  t h i s  program. Tab le  6  shows 

t h e  near  term c o s t  goa ls  s e t  by Sandia L a b o r a t o r i e s  f o r  each o f  t h e  coinponents 

i n  t h e  c o n c e n t r a t i o n  systems. F i g u r e  42 shows how these c o s t  goa ls  r e l a t e  t o  

p r o j e c t e d  exper ience  i n  concen t ra to r  p r i c e s  quoted r e c e n t l y .  T a b l e 7  

g i ves  t h e  major  conc lus ions  f rom t h e  p h o t o v o l t a i c  concen t ra to r  program t o  

da te  w i t h  p r o j e c t e d  c o s t  numbers. 

Tab le  8 shows t h e  advantage i n  economics ga ined by c o n c e n t r a t i o n .  Th i s  

t a b l e  was compi led by AAI, Corp. and i s  what l e d  them t o  t h e i r  systern concept  

u t i l i z i n g  a  200-1 c o n c e n t r a t i o n  r a t i o .  The f i r s t  p a r t  o f -  t h e  tab1.e g i ves  

t h e  est i .mated c o s t  u n d e r . a  v e r y  h i g h  p r o d u c t i o n  schedule and would r e s u l t  i n  

a  t o t a l  c o s t  o f  $1 .5 l / peak .wa t t .  A t  more moderate p r o d u c t i o n  r a t e s ,  i n d i c a -  

t e d  i n  t h e  bottom p a r t  o f  t h e  t a b l e ,  t h e  c o s t  o f  t h e  200-1 system would be 

$2.58/peak w a t t .  

The Sun Trac Corp. of Wh-eeling, I L  i s  perhaps t h e  o n l y  company which 

commerc ia l l y  o f f e r s  p h o t o v o l t a i c  c o n c e n t r a t i o n  systems a t  t h i s  t ime .  They 

contend t h a t  they  can b u i l d '  a  p h o t o v o l t a i c  power module ready f o r  p r o d u c t i o n  

i n  1978 and a t  t h e  sa les  p r i c e  o f  l e s s  than  $5 /peak ,wat t  w i t h  t h e  volume. o f  

500 peak kW. Each of  these modules would have a  r a t i n g  o f  abou t .450  peak 

w a t t s .  T h e i r  rnnd111e c o n s i s t s  o f  a n l~mber o f  c o n i c a l  CPC concen t ra to r s  



TABLE 6 
CONCENTRATOR TECHNOLOGY 5-YEAR GOALS 

( 1  9 7 5  do1 l a r s )  

Fiscal Ycar . 

78 79 8 0 81 82 --- - - Wchnology Area 

Silicon Conccntrotor Cell 
Subsys team 

Technical Feasibility: Ef ficicncy, % 

s/m2 
Efficiency, !I 

$/m2 

PC oduc t ion Wchnology : 

Concentre tor Subsyskcm 

Technical Feasibility r Efficiency, 

$/m2 

Production Wchnology: Efficiency, O 

s/m* 

~olome, m2 

Array Subsys tems 

Tkchnical Feasibility: Concentrot ion 
Ratio 

Array Efficiency 

Roduc t ion Technology: 

Array Efficiency 

Volume, k% 

$/m2 

$& 



EQUIVALENT EXPCRINECE (PCAK POWER) 

500 kW 2 MW 10 W SO M ,  100 Md 
I I I I I 1 

0 Millard Irrigation System, b)o Installation A Bids, LSE 112, Install& 

@Willard. Sys te !  Addition, Installed .OPhotovoltaic Cmercial izat ion .Proposals, No Installation 
. . 

1 Bids, Xr i z o ~  ~ r r i g a t i o n  System, Installed' m Recent Bids, Solar Thermal Line Focus, Installed I 

ACCUMULATED EXPERIENCE (m2) 

F i g .  42. The p r o j e c t e d  comst o f  photovo' l  t a i c  c o n c e n t r a t i o n  systems based on c o n t r a c t b r s  quotes  
and b i d s  f o r  c o n c e n t r a t o r s  as a  f u n c t i o n  o f  accumula ted volume o f  p r o d u c t i o n .  
Compi 1  ed by  Sandia L a b o r a t ' o r i e s .  



T A B L E  7 
SUMMARY OF MAJOR CONCLUSIONS 

0 BASED ON THE MOST L I K E L Y  PROGRAM STRATEGY, 

$2/W CAN B E  ACHIEVED I N  1981 . , 

APPROXIMATELY 4MWp 

a NO CELL  TECHNOLOGY BREAKTHROUGHS ARE REQUIRED TO REACH AN 
ARRAY P R I C E  OF 81/W 

0 A $2/W SOLAR C E L L  TECHNOLOGY (UNCONCENTRATED) I S  REQUIRED TO 
- ACHIEVE $0,50/W 

0 THE THRESHOLD FOR E S T A B L I S H l N S  A PRICE--  
EXPERIENCE CURVE I S  100-500 K W ~  



TABLE 8 
ADVANTAGE I N  ECONOMICS G A I N E D - B Y  COFlCENTRATION 

1978 Simplified Cost Comparison 

Effect of Power Ratio on Cost of 10 KIV System 

/ Cost per CeU (3) 
(Tooling Amortized) 

Power Ratio 

Area - Sq. Ft. 

Reflector $ @ $8/sq. ft. 
j :  

~ u i b e r  of CLUS 

I I I 1 /I 1 20/1 Power Ratio ( 40/1 I 2~0/1 i 

1/1 

1300 

0 

315,000 

L 

Cost of Cells ($). 

Total Cost ($) 

I Area - Sq. Ft. 1 1300 11310 11400 1 1500 j 
I Reflector $ @ $8/sq. ft. I -- (12,150 112,600 13,500 1 . f  

20/1 

1350 

10,800 

16,400 

HIGH PRODU'CTION Pu4TE L .  . . .. '. . 
. . , , ,  . .  ~ 

1 

315,000 119,677 

315,000 130,477 

Cost per Cell ($) 
(Tooling Amortized) 

40/l 

1400 

11,200 

8,502 

1 I 

11,903 / 3,096 I 

Number of Cells 1 315,000 116,400 18,502 

200/1 

1500 
1 

12,000 1 
1.821 r 

23,103 / 15,096 

1,821 I 

'; 

L 

hlODER4TE PRODUCTICN RATE 

78,720 

90,670 

Cost of Cells ($) 

Total Cost ($) 

1,260,000 

1,260,000 

1 

47,61i , I  l2;333 / 
60,211 , 25,833 i 1 

I 



p r o v i d i n g  a  50-70 sun c o n c e n t r a t i o n  on to  s i l i c o n  c e l l s .  These a r e  mounted 

i n  a  t r a n s p a r e n t  w e a t h e r - t i g h t  sphere t h a t  m in im izes  wind l o a d i n g  and c o r r o s i v e  

env i ronmenta l  e f f e c t s .  Tab le  9 g i ves  t h e  1'978 cos t s  f o r  s o l a r  ce l l  s quoted 

t o  Sun Trac Corp. f rom t h r e e  d i f f e r e n t  s o l a r  c e l l  manufacturers .  

Tab le  10 showsthe c o s t  o f  v a r i o u s  components o f  a  s o l a r  c o n c e n t r a t i o n  

system compi led by Sun Trac .showing t h e  breakdown o f  DOE p r o j e c t i o n s ,  a  

system cos ted  o u t  by  Boejng Engineer ing,  and t h e  breakdown o f  t h e i r  es t imated  

cos t s .  

I t  shou ld  be c l e a r  f rom t h e  p r e d i c t i o n s  o f  t h e  p r i c e  o f  e l e c t r i c i t y  f rom 

p h o t o v o l t a i c  c o n c e n t r a t i o n  systems g i ven  he re i n ,  t h a t  these systems c o u l d  

become c o m p e t i t i v e  f o r  c e r t a i n  a p p l i c a t i o n s  i n  t h e  near f u t u re .  They w i l l  

be e s p e c i a l l y  c o m p e t i t i v e  where low power l e v e l  systems a r e  needed and may 

even compete w i t h  s o l a r  thermal  power systems a t  a l l  power l e v e l s .  L i k e  

most o t h e r  s o l a r  systems, t h e  system c o s t s  a re  dominated b y . t h e  c o s t  o f  t h e  

s u r f a c e  which f i r s t  i n t e r c e p t s  t h e  s u n l i g h t .  There fo re  p h o t o v o l t a i c  concen- . 

t r a t o r  systems a r e  i n h e r e n t l y -  l i m i t e d  by t h e  c o s t  o f  t h e  concen t ra to r .  The 

main advantage t h a t  pho tovo l  t a i c  systerns have. over  thermal  systems i f  t h e  

g r e a t e r  f l e x i b i l i t y  t o  accommodate any low c o s t  concen t ra to r .  They can be 

des igned t o  ope ra te  v e r y  e f f i c i e n t l y  a t  any c o n c e n t r a t i o n  l e v e l  f rom one t o  

about  1000 suns. A p resen t  day p h o t o v o l t a i c  concen t ra to r . sys tem would prob- 

a b l y  economica l l y  compete w i t h  any c o n c e n t r a t o r  thermal  system t h a t  i s  t o .  

d e l  i v e r  e i t h e r  e l e c t r i c a l  o r  mechanical  power. The photovo l  t a i c  concen t ra to r  

systems o f  course have a l l  t he  drawbacks o f  o t h e r  c o n c e n t r a t i o n  systems. 

These drawbacks i n c l u d e  t h e  r e l i a n c e  p r i m a r i l y  on d i r e c t  i n s o l a t i o n  and t h e  

more complex system i m p l i e d  i f  t h e r e  i s  a  need f o r  t r a c k i n g .  

M a j o r  b roh l  ems 

The rnajor problem assoc ia ted  w i t h  p h o t o v o l t a i c  concen t ra to r  systems i s ,  

o f  course, system c o s t .  A l l  o f  t h e  f i g u r e s  quoted i n  t h i s  paper and i n  t h e  

goa l s  o f  t h e  DOE program a r e  f o r  c o s t . o f  t h e  p h o t o v o l t a i c  a r r a y  system a t  t h e  

f a c t o r y  o u t l e t .  They do n o t  i n c l u d c  i n s t a l l a t i o n  o r  o t h e r  o p e r a t i n g  system 

component cos t s  such 'as energy s to rage .  

Shadowing o f  t h e  pho tovo l  t a i c  a r r a y  i s  perhaps n o t  a  ma jo r  problem b u t  

i t  i s  un ique  t o  t h e  p h o t o v o l t a i c  c o n c e n t r a t i o n  system. The problem a r i s e s  

s i n c e  t h e  systems a r e  t y p i c a l l y  des igned w i t h  severa l  smal l  c e l l s  t h a t  a r e  i n  

e l e c t r i c a l  s e r i e s - c o n n e c t i o n .  T h i s  means i f  a  shadow, f o r  example f rom a  

s t r u c t u r a l  component o f  t h e  concen t ra to r ,  i s  c a s t  on one c e l l  i n  t h e  c e l l  



TABLE 9 
SOLAR CELL DATA 

COMPANY 
C 

$ 114.00 
38.00 
20.00 

$ 2.00 / 

% 

13.0 - 

$ 28.00 
8.50 
5.50 

$ 2.11 

% 

13.0 - 

$ .28 

$ .80 

$ .I95 

$ .60 

COMPANY 
B 

$ 54.00 - 
13.00 

$ 1.30 

% 

- 
14.5 

$ 13.50 - 
3.50 

$ 1.40 

% 

- 
15.0 

$ .70 

$ 2.00 

- 
- 

COSTS ARE STATED 
FOR ,1978 $ 

2 INCH DIAMETER ACTIVE 
AREA - COST EACH CELL 

QUANTITY 
100 

1,000 
40,000 

, C .  

FOR 400KW POWER 
CELL COST $ PER WATT' tZ 

EFFICIENCY 
50X @ 28OC. 

MINIMUM 
AVERAGE 

0.9 INCH DIAMETER ACTIVE 
AREA - COST EACH CELL 

QUANTITY 
100 

1,000 
50,000 up 

FOR 400KW POWER 
CELL COST $ PER WATT N, 

EFFICIENCY 
SOX @ 28OC 

MINIMUM 
AVERAGE; 

0.3 INCH DIAMETER ACTIVE 
AREA - COST EACH CELL 

QUANTITY 500,000 
50X @ 28°C 

FOR 400KW POWER 
CELL COST $ PER WATT N, 

0.25 1NOH DIAMETER ACTIVE 
AREA - COST EACH CELL 

QUANTITY 500,000 
70X @ 2B°C. 
CELL COST $ PER WATT S 

COMPANY 
A 

$ 51.00 
36.00 
24.00 

r ,  

$ 2.40 

% 

11.5 
13.5 

$ 15.00 
11.00 
7.00 

$ 2.69 

% 

- 
14.0 

- 

- 

- 
- 



T A B L E  1 0  
SYSTEM COST COMPARISONS 

Item 

Silicon Solar Cell 
and Assembly 
(including cooling) 

'Solar Cells 
Power Collection Circuit 
Cooling 
~ol'ar Cell In-House Cost 
Cables &.  Wiring 

Coilcentrator Optics 

Fresnel Lens 
Sun Trac 
Concentrator Matrix 

Array Structure 6 Tracking 

Structure Material 
Structure Fab. Labor 
Tracking Electronics 
,Gimbals 6 Motors 
Sun Txac Sphere 
Support Structure 

Assemb1.y & Testing 

Total Cost 

D.O.E. 
Breakdown 
$ per KW Ref. No. 3? 

$2000. 
800, 

1416. 
1332. 

Not Specified 

$739. 
774. 

1000. 
470. 

None 
250. 

Proposed 
Sun Trac System 

Wet watts (peak) 1000 3828.5 442.6 

Cost $ per peak watt $2. $2.91 $2.09 

*Ref. No. 1 D. K. Zimmerman and C. J. Bishop "Concentrating 
Photovoltaic Solar Array (CPSA) Conceptual 
Design Study" Final Report, May, 1977 prepdred 
for Sandia Laboratories, Contract No. 05-4467, 
by Boeing Engineering and Construction, 
Document D 277-10045-1 

(1) Sun Trac Cooling System is an integral and major part 
of the array structure. 



s t r i n g ,  t h e n  th.e e l e c t r i c a l  o u t p u t  f o r '  t h e  who le  s t r i n g  i s  l o s t .  I f  n o t  

des igned  f o r ,  t h i s  c o u l d  reduce  t h e  t o t a l  system o u t p u t  by  a  l a r g e  p e r c e n t -  

a,ge. An a d d i t i o n a l  shadowing p r o b l  em m i g h t  be t h e  imposed v o l  t a g e  a c r o s s  

t h e  shadowed c e l l  wh ich  c o u l d  c r e a t e  e i t h e r  e l e c t r i c a l  o r  t he rma l  prob lems 

i n  t h e  a r r a y .  The shadowing c o n d i t i o n  a l s o  has i m p l i c a t i o n s  on t h e  placement 

o f  i n d i v i d u a l  modules i n  a  c o n c e n t r a t i o n  f i e l d .  I f  one module wou ld  shadow 

p a r t  o f  a n o t h e r  module d u r i n g  any p a r t  o f  t h e  day o r  yeap i t  i s  c o n c e i v a b l e  

t h a t  t h e  e n t i r e  o u t p u t  o f  t h e  p a r t i a l l y  shadowed module  wou ld  go t o  z e r o .  

These prob lems have been s t u d i e d  and do n o t  appear t o  be m a j o r  problems o t h e r  

t h a n  r e q u i r i n g  e n g i n e e r i n g  i n g e n u i t y  (48,49)-., 
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APPENDIX A  

CONCLUSIONS AND RECOMMENDATIONS 
SlLlCON TECHNOLOGY GROUP 

DOE PHOTOVOLTAIC CONCENTRATOR SYSTEMS WORKSHOP 
S c o t t s d a l  e, A r i z o n a  

May 24-26, 1977 

C u r r e n t  Performance and Costs 

There was genera l  agreement' t h a t ,  a t  t h e  p r e s e n t  t ime ,  s o l a r  c e l l s  can be 

o p e r a t e d  i n  t h e  50-300 sun range w i t h  c o n v e r s i o n  e f f i c i e n c i e s  o f  a p p r o x i m a t e l y  

15% ( c e l l  c o n v e r s i o n  e f f i c i e n c y ) .  A t  t h e  p r e s e n t  t i m e  c e l l  s i z e s  range f r o m  
2 

t h e  r e l a t i v e l y  sma l l  RCA c e l l  s  w i t h  d imensions . o f  - 2 5  crn ( o p e r a t i n g  a t  200 

suns) t o  t h e  Satidia c e l l s  ( ,opera t ing  a t  50 suns) wh ich a r e  a p p r o x i m a t e l y  2 i n .  

i n  d iamete r .  

The d a t a  i n  T a b l e  1  were p resen ted  by V i c  ~ a l a l ,  U n i v e r s i t y  o f  Delaware.  

I t  summarizes some o f  t h e  requ i rements  and e s t i m a t e d  c o s t s  o f  s o l a r  c e l l  
c 

p r o d u c t i o n  i n  v a r i o u s  c o n c e n t r a t i o n  ranges.  These c o s t  f i g u r e s  were suppor ted  

by v a r i o u s  members o f  t h e  group p r e s e n t l y  i n v o l v e d  i n  t h e  p r o d u c t i o n  o f  

s o l a r  c e l l s .  

M a j o r  Problems and I d e n t i f i c a t i o n  o f  Unknowns 

Ma jo r  prob lem areas wh ich  were i d e n t i f i e d  d u r i n g  t h e  d i s c u s s i o n s  a r e  p resen ted  

be1 ow. 

There appears t o  be r e l a t i v e l y  l i t t l e  e x p e r i e n c e  a s s o c i a t e d  w i t h  o p t i m a l  

d e s i g n  . o f  s o l a r  c e l l s  t o  o p e r a t e  a t  h i g h  i n t e n s i t i e s .  Those c e l l s  wh ich  have 

been des igned t o  o p e r a t e  a t  h i g h  i n t e n s S t i e s  have per formed q u i t e  w e l l .  However, 

t h e r e  was genera l  agreement among t h e  p a r t i c i p a n t s  t h a t  t h e r e  a r e  a  number o f  

e f f e c t s  which o c c u r  a t  h i g h  i n t e n s i t i e s  wh ich  a r e  e i t h e r  u n i m p o r t a n t  o r  non- 

e x i s t e n t  i ' n  c e l l s  o p e r a t i n g  a t  l o w  i n t e n s i t i e s .  There i s  a  need f o r  b a s i c  

s t u d i e s  on s o l a r  c e l l  d e v i c e  p h y s i c s  d e a l i n g  w i t h  l i f e t i m e  a t  h i g h  i n t e n s i t i e s ,  

and v o l t a g e  s a t u r a t i o n  e f f e c t s  a t  h i g h  i n t e n s i t i e s ,  F u r t h e r  s t u d y  o f  "heavy dop ing  

e f f e c t s "  wh ich 'a rc !  i m p o r t a n t  a t  l o w  and h i g h  c o n c e n t r a t i o n  r a t i o s  s h o u l d  be 

pursued,  

C e l l  des ign ,  t a k i n g  i n t o  accoun t  t h e  d e v i c e  p h y s i c s  d i f f e r e n c e s  wh ich  o c c u r  

when o p e r a t i n g  under  h i g h  i n t e n s i t y  c o n d i t i o n s ,  w i l l  need t o  c o f i t i n u e .  There 

i s  genera l  agreement t h a t  f r e e  c a r r i e r  l i f e t i m e  i s  an e x t r e m e l y  c r u c i a l  para-  

meter ,  and, t h a t  i f  v e r y  h i ,gh ,convers ion  e f f i c i e n c i e s  a r e  t o  be expected f rom 



c o n c e n t r a t o r  s o l a r  c e l l s ,  t h e  l i f e t i m e  w i l l  have t o  be s i g n i f i c a n t l y  i n c r e a s e d  

o v e r  p r e s e n t  v a l u e s  i n  comp le ted  d e v i c e s ,  T h i s  means t h a t  b a s i c  u n d e r s t a n d i n g  

o f  f r e e '  c a r r i e r  l i f e t i m e  a t  h i g h  i n t e n s i t i e s  must  be deve loped.  A  s t u d y  o f  

p r o c e s s i n g  t e c h n i q u e s  wh ich  w i l l  a l l o w  t h e  f a b r i c a t i o n  o f  s o l a r  c e l l s  w i t h  v e r y  

l o n g  l i f e t i m e s  must  be under taken .  

The a rea  o f  a n t i  r e f l e c t i o n  c o a t i n g s  and e n c a p s u l a t i o n  m a t e r i a l  s  w i l l  need 

cons i ' de rab le  work .  There  i s  r e l a t i v e l y  1  i t t l e  i n f o r m a t i o n  a v a i l a b l e  on t h e  

p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  under  extreme i n t e n s i t y  c o n d i t i o n s  and under  t h e  

ex t reme the rma l  c y c l i n g  wh ich  i s  expec ted  t o  o c c u r  i n  s o l a r  c e l l s  o p e r a t i n g  

under  h i g h  i n t e n s i t y  c o n d i t i o n s .  A l s o ,  c o r r o s i o n  d a t a  under  t h e s e  c o n d i t i o n s  

a r e  n o t  a v a i l a b l e .  

I t  does n o t  appear  t h a t  m a j o r  t e c h n o l o g i c a l  b reak th roughs  a r e  r e q u i r e d  t o  

s i g n i f i c a n t l y  improve t h e  per formance c a p a b i l  i t i e s  o f  s i l  i c o n  s o l a r  c e l l  s  

o p e r a t i n g  a t  h i g h  i n t e n s i t i e s .  However, i t  does appear t h a t  c o n s i d e r a b l e  a t t e n t i o n  

w i l l  need t o  be p a i d  t o  p r o c e s s i n g .  t e c h n i q u e s .  I n  many cases, t h e  use o f  v e r y  

t h i n  s o l a r  c e l l s  (-100 m i c r o n s  o r  l e s s )  i s  b e i n g  con temp la ted  and h a n d l i n g  

t e c h n i q u e s ,  p a r t i c u l a r l y  f o r  Yery  l a r g e  w a f e r s  i n  t h i s  t h i c k n e s s  range,  a r e  n o t  

r e a d i l y  a v a i l  a b l e .  A l s o ,  i f  t h i c k e r  d e v i c e s  w h i c h  u t i l  i z e  deep back d i f f u s i o n s  

t o  p r o v i d e  back s u r f a c e  f i e l d s  a r e  t o  be used,  t e c h n i q u e s  f o r  o b t a i n i n g  d e v i c e s  

w i t h  a  l o n g  l i f e t i m e  under  t h e s e  p r o c e s s i n g  c o n d i t i o n s  w i l l  need t o  be deve loped,  

Recommendations and P r o j e c t i o n s  

The recommendations f o r  f u r t h e r  t e c h n i c a l  development a r e  as f o l l o w s :  

1 .  Conr lnue  c e l l  development programs on BSF and IBC c e l l s .  B o t h  o f  t h e s e  

c e l l  des igns  appear  t o  o f f e r  s i g n i f i c a n t  advantages o v e r  c o n v e n t i e n a l  s o l a r  

c e l l  d e s i g n  and  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  c e l l  c o n v e r s i o n  e f f i c i e n c i e s  i n  

excess o f  20%. 

2. I n i t i a t e  work  on t r a n s p a r e n t  l a y e r  MIS c e l l s  f o r  h i g h  c o n c e n t r a t i o n  

a p p l i c a t i o n s .  T h i s  t y p e  o f  c e l l  o f f e r s  t h e  p o s s i b i l i t y  o f  l o w  s h e e t  r e s i s t a n c e ,  

reduced  g r i d  shadowing,  and l o w  tempera tu re  p r o c e s s i n g  f o r  t h e  p r e s e r v a t i o n  o f  

1  i f e t i m e ,  

3 .  I n i t i a t e  a c c e l e r a t e d  1  i f e  t e s t  programs t o  d e t e r m i n e  f a i l u r e  modes and 

t h e  p o s s i b l e  need f o r  e n c a p s u l a t i o n  a t  h i g h  c o n c e n t r a t i o n  r a t i o s .  I n  p a r t i c u l a r ,  

t h e  r e s u l t s  o f  c o r . r o s i o n  s t u d i e s  wou ld  be v a l u a b l e  i n  t h e  s e l e c t i o n  o f  c o n t a c t  

m e t a l s  f o r  h i g h  c o n c e n t r a t i o n  s o l a r  c e l l  s ,  



4. Suppor t  work  on e n c a p s u l a t i o n  and a n t i - r e f l e c t i n g  l a y e r  systems s u i t a b l e  
C 

f o r  use on h i g h  c o n c e n t r a t i o n  c e l l  s .  

5 .  Suppor t  work on  c e l l  d i a g n o s t i c s .  L i t t l e  i s  known abou t  t h e  b a s i c  

p h y s i c a l  parameters  o f  t h e  c e l l s  under  h i g h  ill u m i n a t i o n  l e v e l s .  S i n c e  t h e s e  

parameters  de te rm ine  t h e  e f f i c i e n c y  o f  t h e  s o l a r  c e l l ,  wh ich  i n  t u r n  s t r o n g l y  

i n f l u e n c e s  t h e  e l e c t r i c a l  energy  c o s t ,  i t  i s  i m p o r t a n t  t o  mount an e f f o r t  t o  

s t u d y  t h e  c e l l  parameters  under  h i g h  i l l u m i n a t i o n  l e v e l s .  Such a c t i v i t i e s  as 

s t u d i e s  o f  t h e  e f f e c t s  o f  h i g h  1  i f e t i m e  s t a r t i n g  m a t e r i a l s ,  heavy dop ing  e f f e c t s ,  

and t e c h n i q u e s  f o r  t h e  measurement o f  1  i f e t i m e  under  h i g h  i n t e n s i t y  c o n d i t i o n s  

s h o u l d  be suppor ted ,  

6 .  Suppor t  work on nove l  d e v i c e  f a b r i c a t i o n  t e c h n o l o g i e s  as a  p a r a l l e l  

e f f o r t  t o  i t e m  5. Under take programs t o  s t u d y  t h e  i n f l u e n c e  o f  d i f f e r e n t  d e v i c e  

f a b r i c a t i o n  techno1 o g i  es such as i o n  imp1 a n t a t i o n ,  d i  $ f u s i o n  and e p i  t a x y  on  

l i f e t i m e  and e m i t t e r  e f f i c i e n c i e s ,  S u i t a b l e  g e t t e r i n g  t e c h n i q u e s  w h i c h  enhance 

1  i f e t i m e  s h o u l d  a1 so be s t u d i e d .  

T a b l e  2 summarizes t h e  p r o j e c t e d  performance o f  a l t e r n a t e  c e l l  d e s i g n  

approaches.  

T a b l e  3 c o n t a i n s  p r o j e c t i o n s  on per formance and c o s t  f o r  s i l i c o n  s o l a r  

c e l l s  i n  t h e y e a r s  1980 and 1986. I t  s h o u l d  be emphasized t h a t  t h e  p r o j e c t e d  c e l l  

e f f i c i e n c i e s  a r e  f o r  l a b o r a t o r y  c e l l s  and t h e  t i m e  s c a l e  i s  f o r  l a b o r a t o r y  

d e v i c e s .  I t  i s  expec ted  t h a t  p r o d u c t i o n  c a p a b i l i t i e s  w i t h  t h  se per formance 

and c o s t  f i g u r e s  i n  t h e  q u a n t i t i e s  p r o j e c t e d  b y  ERDA w i l l  l a g  t h e s e  t i m e s  by 

a p p r o x i m a t e l y  two y e a r s .  



Tab le  1  

C o n c e n t r a t i o n  
Wafer Diameter 
Base w i d t h  
Breakage 
Photo1 i thography,  
T h i c k  f i l m  
Contact .  d i f f u s i o n  
D i c i n g  
# Steps 
Pol i s h i n g  

1-20 
4" 
2  50 
Low 
I4 0 
Yes 
N  P 
Yes. 
10 
N  0 

5  0  
2" 
200 
Low 
Yes 
No 
140 ? 
N 0 
15 
? 

200 
4" 
100 
H igher  
Yes 
14 0 

Yes 
Yes 
2  0  
Yes 

(Assuming 15% c e l l s ,  t o d a y ' s  techno logy )  

Tab le  2 

PROJECTED RELATIVE PERFORMANCE OF ALTERNATE 
CELLS 

rl 
Convent iona l  18-20% 
BS F 20- 22% 
I BC 20-22% 

Tab le  3 

PROJECTIONS 

1980** 
C e l l  E f f l c l e n c y 4  C u r ~ c e r ~ l r ' a l  furl C e l l  Size 

300 ,5-1 cm2 
$ / M ~  

1 8  2000 
17 5  0  5-15 crn2 1000 
15  4 --- 200 

1986** 
C e l l  E f f i c i e n c y *  C o n c e n t r a t i o n  C e l l  S i z e  

.5-1 cm* 
$/ti2 

2  0  300 1000 
2 0  50 5-1 0  cm2 500 
15 4 - - - 2  4 

Comments 
Good S i  
Good S i  
Low Cost S i  

Comments 
Good S i  
Good S i  
Low Cost Si*** 

* L a b o r a t o r y  C e l l  E f f i c i e n c y  
** 2  Year Delay i n  P r o d u c t i o n  
*** Success o f  t h e  l o w  c o s t  shee t  g rowth  program i s  assumed 



APPENDIX B 

PROBLEM AREAS AND RECOMMENDATIONS 
OF THE GALLIUM ARSENIDE AND NOVEL APPROACH WORKING GROUPS 

DOE PHOTOVOLTAIC CONCENTRATOR SYS'IEMS WUKKSHOP 
Sco t t sda l  e, A r i zona  

May 24-26, 1977 

Problem Areas and Recommendations 

S ince a lmost  a l l  o f  t h e  approaches o f  t h i s  Working Group a re  p h o t o v o l t a i c ,  

many problem areas a re  general  . Some problems which t h e  Group f e l t  shou ld  be 

addressed i n c l u d e :  (.I ) m a t e r i a l s  and s u b s t r a t e  qua1 i t y ,  ( 2 )  encapsu la t ion ,  ( 3 )  

meta l1  i z a t i o n  and c o n t a c t  r e s i s t a n c e ,  ( 4 )  1  i f e t i m e  t e s t i n g  under h i g h  ill umina- 

t i . on  and (',5). much improved c o s t i n g  es t imates  f o r  l a r g e  s c a l e  p r o d u c t i o n  o f  

eel 1 and o p t i c a l  systems. 

I t  was a l s o  f e l t  t h a t  t h e r e  i s  a  p o t e n t i a l  problem i n  o b t a i n i n g  concen- 

t r a t i o n  systems f o r  low enough c o s t  w i t h  concen t ra t i ons  above 5 0 0 - - p a r t i c u l a r l y  

f o r  the rmophotovo l ta i cs ,  which' w i l l  r e q u i r e  severa l  thousand f o r  t h e  p r imary  

c o l l  e c t o r .  An a r r a y  c o s t  a l l o c a t i o n  was es t imated  f o r  two d i f f e r e n t  approaches 

rep resen t i ng  two d i f f e r e n t  c o s t  goa ls  and t ime  frames f o r  a t t a i n i n g  those  c o s t  

goa ls .  The neare r  term goal  (1986) o f  $500 per  peak kW was matched t o  t h e  con- 

v e n t i o n a l  GaAs concen t ra to r  c e l l  program and a  1990 goal  o f  $250 pe r  peak kW 

was geared t o  t h e  m u l t i - c o l o r  h i ghe r  e f f i c i e n c y  schemes. The p r i c e  a l l o c a t i o n s  

a re  presented i n  Table  I ,  

An a d d i t i o n a l  problem comes t o  mind when work ing  w i t h  p r i c i n g  o r  system 

c o s t i n g - - t h a t  of us i ng  t h e  c o r r e c t  means o f  computing system e f f i c i e n c i e s .  

C l e a r l y  cos t s  per  peak. w a t t  a re  much l e s s  s a t i s f a c t o r y  f o r , c o n c e n t r a t o r  systems 

where t h e  energy c o l l  ec ted  per  day may va ry  cons ide rab l y  between d i f f e r e n t  o p t i c a l  

systems and t h e i r  means o f  t r a c k i n g ,  o r  even between d i f f e r e n t  days f o r  t h e  same 

system because o f  v a r y i n g  atmospher ic c o n d i t i o n s .  

S ince t h e  d e s i r e d  c e l l  area i s  o f  t h e  o r d e r  o f  one cm2, t h e  h i g h  concent ra-  
2  

t i o n  f a c t o r  i m p l i e s  ve r y  smal l  [Q 1 f t  ) uneconomical m i r r o r e d  concen t ra to r  

systems, as t h e r e  i s  some ques t i on  as t o  t h e  f e a s i b i l i t y  o f  o b t a i n i n g  a concen- 

t r a t i o n  o f  1000 w i t h  f r e s n e l  l enses .  Thus,, m a t r i x  a r r a y s  o f  c e l l s  a r e  needed, 

perhaps w i t h  n o n - c i r c u l a r  geometry, w i t h  schemes ' t o  e l i m i n a t e  t h e  busbar con tac t s  

f rom t h e  i l l u m i n a t i o n  area, The use o f  secondary l ow  concen t ra to r s ,  such as 

compound parabol  i c  concen t ra to rs ,  may be u s e f u l  f o r  t h i s  purpose, 



The m u l t i - j u n c t i o n  c e l l s  r e q u i r e  c o n s i d e r a b l e  development w i t h  regards  t o  

m a t e r i a l  c o m p a t i b i l i t y  and t h e  r e q u i r e d  ohmic h e t e r o j u n c t i o n s ,  whereas t h e  

spect rum s p l  i t t i n g  scheme r e q u i r e s  1  ess c e l l  development, b u t  t h e  development 

o f  v e r y  s e l e c t i v e  bandpass f i l t e r s  which can o p e r a t e  f o r  l o n g  p e r i o d s  a t  h i g h  

The t h e r m o p h o t o v o l t a i c  d e v i c e  appears v e r y  sound as t o  i t s  model ing,  b u t  

w i l l  r e q u i r e  m a j o r  improvements i n  m a i n t a i n i n g  h i g h  c a r r i e r  1  i f e t i m e s ,  l o w  

a b s o r p t i o n  o f  I R  a t  t h e  backsur face,  and r e f l e c t i v i t y  and s t a b i l i t y  o f  t h e  

r a d i a t o r  m a t e r i a l  , 

Tab.le I ,  A r r a y  Cost A l l o c a t i o n s  

A r r a y  P r i c e  Goals 

Cost $5001 KW ( 1  986) 
E l  ement (GaAs S o l a r  C e l l  ) 

X = 500, CELL = 25% X = 1000, CELL = 35% 

$/m2 $1 KW $/m2 $1 KW 

20 100 20 7  1  
(10,000) (50,000) (20,000) (71,000) and 

Conc. 
O p t i c s  

A r r a y  3 5  175 2  0  
Ct:rl.~ctl.~ro 
and 
T r a c k i  ng 

Assembly 15 7  5  1 0  3 7 
and 
T e s t  

$100,00 ' $.50U,00 $70.00 ' ' $250,00 
(. 1 = UNCONCENTRATED COST 



INTERNATIONAL DEVELOPMENTS IN 
CONCENTRATORS 

J .  D. Walton, J r .  
Solar Energy and Materi a1 s Techno1 ogy Di vision 

Engineering Experiment Station 
Georgia Ins t i tu t e  of Technology 

At1 anta,  Georgia 30332 

I .  INTRODUCTION 

his paper discusses the international development of concentrating 
lectors  primarily as related t o  the applications f o r  which they are being 

eve1 oped. A1 though the paper emphasizes recent and on-going act ivi  t i e s ,  i t  
s important to  remember tha t  there i s  more of a history of solar  concentrating 
echnology i n  Europe and particularly in France than in the United States.  
his, a t  leas t  in part, is  due t o  the f a c t  t ha t  high temperature so lar  concen- 
rators  were being developed in support of the sc i en t i f i c  revolution which 
as so active in Europe in the 1 8 t h  and 19th centuries a t  a time when the 

United States  was more occupied with the problems of developing a nation. 
Also, i t  should be noted tha t  the basic devices used in these ear ly experiments 
were rather  sophisticated and tha t  variations of these concentrators form the 
basis fo r  a number of the systems being developed today. For tha t  reason 
a brief review of s ignif icant  past accomplishments i s  presented here. 

Two of the more famous concentrating devices developed i n  France during 
the 18th and 19th centuries were those of Lavoisier and Mouchot. Figure 1 

shnws the apparatus used by Lavoisier during the 1770's L/. The large 
concentrating lense was 52 inches in diameter and was made of two convex 
sheets of glass clamped together with the space between them f i l l e d  w i t h  

white wine. With t h i s  furnace Lavoisier was able to  melt platinum and t o  
identify the composition of diamond. Such devices (burning gl asses) became 
very popular in Europe and the United States during the 18th  century. 
Benjamin Franklin carried out many high temperature experiments using a 
similar,  b u t  smaller device and Priest ly ,  an admirer of Franklin, used a 



I Figure 1. ~ ~ ~ a r a t u s  Used by Lavoisier for High ~emperarure ehmical Experiments. 

Figure 2. Solar B ~ I I ~  o f  Mouchot Used to Power a Printing Press in the 
Gardens 1 n 186 1. 

. 
226 



burning glass in his experiment which led to the discovery of oxygen in 1774. 
A1 though lenses have the abil i ty .  to provide very high concentration ratios, 
large glass lenses are di f f icul t  to fabricate and t h u s  are very expensive. 
Probably the most recent relatively large scale furnace using multiple glass 
lenses was the one built  by Professor Pol Duwez a t  Cal Tech during the 1950's. 
In India there i s  a t  least one current effort  to develop a large concentrating 
lense using two convex sheets of acrylic plastic f i l led  with water 2/. 
Unfortunately, because of the weight of the liquid and the strength of large 
sheets of glass or plastic such lenses probably will be limited to sizes n o t G  
much larger than the one used by Lavoisier. However, th i s  concept might be 
used to develop very large and optically good lenses for applications in 
space where gravity does not  present the problem i t  does on earth. 

A forerunner of some of today's solar thermal conversion systems, the 
concentrating collected used by Mouchot in 1861 t o  p0wer.a steam driven 
printing press i s  shown in Figure 2 3J. A contemporary of Mouchot, John 
Ericsson pioneered the development of solar concentrators for mechanical 
power appl ications in the United States $/. However, in addition to 
mechanical power, Mouchot successfully demonstrated the usefulness of 
concentrating col lectors for such processes as the di s t i  11 ation of sul furi c 
acid, the preparation of benzoic acid and the purification of linseed oil  /. 

Although most current applications for concentrating collectors in the 
United States are related t o  commercial or industrial thermal processes, i t  
is likely that in the future increasing attention will be given t o  chemical 
processes, high temperature materials processing and to the development of 
synthetic fuels. I t  i s  for that reason that space i s  given here t o  the 
historial development of concentrating co l lectors; and that i s  why Lhe next 
section describes the large scale solar collector systems built  and 
operated during the past 25 years in France, Algeria, Italy and Japan, since 
they were developed for such applications. For that reason they provide a 
rich resource o f  practical experience which can ass is t  U. S. programs in the 
areas of high temperature techno1 ogy, as we1 1 as component development, 
system demonstration and experimentation. 



I I . BACKGROUND 

---- . 
- This section: (1) describes and characterizes the f ive large solar 

furnaces (over 10 kWt) bu i l t  outside of the United States since 1950, 
(2)  reviews the major solar thermal conversion systems which were bu i l t  and 
demonstrated during the past 15 years w i t h  emphasis on the ac t iv i t i e s  of the 
past two years, and (3) describes the use of the CNRS 1000 kWt solar  furnace 
to  evaluate the Martin Marietta cavity type receiver for  steam generation and 
the CNRS o i l  cooled receiver used to produce e l ec t r i c  power through a steam 
turbine. 

A. Solar Furnaces 

The f ive  solar  furnaces described i n  t h i s  section are of two basi e 
types: (1) d i rec t  solar  concentration using a paraboloid concentrator, and 
(2) redirection of solar radiation from one or more he1 ios t a t s  t o  a 
paraboloid or  spherical concentrator. These furnaces were developed primarily 
for  high temperature research and development. They are described in 
xhronol ogical order and the character is t ics  , type of construction , significant 
features and available performance data considered to be of importance to  U .  S. 
programsare summarized. 

1. Montlouis Solar Furnace 

The f i r s t  large solar furnace was developed by the Centre National 
de la Recherche Scienti fique (CNRS) , France under the direction of Professor 
F. Trombe and was constructed a t  Montlouis in the French Pyrenees g/. This 
furnace, shown i n  Figure 3, was completed in 1952 and became the prototype 
fo r  other large high temperature solar furnaces. T h i s  design u t i l i zes  a 
s ingle large hel iostat  13 meters wide and 10.5 meters t a l l  t ha t  contains 
540 f l a t  second surface silvered mirrors each 50 x 50 cm. The concentrating 

< col lector  i s  made up of 3500 second surface silvered glass mirrors 16 x 16 

centimeters arranged on a parabolic framework 11 meters wide and 9 meters 
h i g h  with a focal length of 6 meters. Each of the 3500 f a t  mirror elements 
in the concentrator was mechanically contoured and a l i g ~ e d  to  focus the 
radiation received from the hel iostat  onto the focal point of the parabola. 



Figure 3 .  rst  Large Scale So la r  Furnace B u i l t  by CNRS a t  Mantlsuis France. . 

Figure 4. Paraboloid Dish So la r  Furnace a t  Bouzareah Near Algiers.  



This furnace develops about 45 kW of thermal power and provides a maximum 

temperature i n  excess o f  3000' C w i t h  a peak heat f l u x  o f  1200 w/cm2. The 

successful use o f  t h i s  f a c i l i t y  l e d  t o  the use o f  i t s  design as the prototype 

f o r  the  next  three large, s ing le  h e l i o s t a t  so l a r  furnaces b u i l t  dur ing the 

nex t  20 years. 

2. Bouzareah 

A t  the same t ime t h a t  the Solar  Energy Laboratory was being 

establ  ished a t  Montlouis, the Organisme National de l e  Recherche S c i e n t i f i c  

(ONRS) was devel oping a ref1 ec t i ng  paraboloid d ish  so la r  furnace a t  Bouzareah, 

A lge r i a  6J. This furnace does no t  use a h e l i o s t a t  since i t  fo l lows the sun 

d i r e c t l y .  Electropol ished aluminum was used as the r e f l e c t i n g  surface. 

I n  order t o  p ro tec t  the aluminum surface from excessive corrosion t racks are 

located on each s ide o f  the concentrator so t h a t  a bu i l d i ng  mounted on wheels 

can move on t h i s  t r ack  t o  cover the concentrator when n o t  i n  use. Figure 4 

i s  a photograph o f  t h i s  furnace which began operation i n  1954. The diameter 

o f  t he  paraboloid d i sh  i s  8.14 meters and the foca l  length  i s  3.14 meters. 

The surface area o f  the c o l l e c t o r  i s  50 square meters. During the past 15 

years the r e f l e c t i v i t y  o f  the e lec t ropo l ished surface has decreased from 

0.83 t o  about 0.7. E f f o r t s  present ly  are underway t o  r epo l i sh  t h i s  surface. 

Also dur ing these 15 years, the foca l  area has changed from a c i r c l e  6 

centimeters i n  diameter t o  an e l l i p t i c a l  shape about 20 x 10 centimeters. 

Current ly  it produces about 12 kW o f  thermal power. It i s  estimated t h a t  

the o r i g i n a l  power provided by t h i s  f a c i l i t y  was o f  the order o f  25 kWt. 

With a concentrat ion f a c t o r  o f  about 17,000 t h i s  furnace provides a maximum 
- 

temperature o t  about 3500' C.  he System u t i l i z e s  a massive support 

s t ruc tu re  f o r  r i g i d i t y  and has a gross weight o f  40 tons. It cur ren t l y  i s  

being used f o r  h igh i n t e n s i t y  photochemical research and i n  heat exchanger 

experiments r e l a ted  t o  the French CNRS Solar Thermal Power program. The 

e lec t ropo l  ished uncoated r e f l e c t i v e  surface makes t h l s  Pacl l  i t y  p a r t l  cul  a r l y  

useful fo r  research requ i r ing  concentrated u l t r a v i o l e t  rad ia t ion .  

3. Sendai 

The Tohoku Un ivers i t y  operates a 35 kWt so la r  furnace a t  Sendai, 



Japan I / .  Although i t  i s  constructed on the same genera1 p r i nc i pa l  as the 

CNRS Solar  Furnace a t  Monlouis, there are s i gn i f i can t  dif ferences i n  

construct ion. These are: (1)  the m i r ro rs  on both the he1 i o s t a t  and the 

paraboloid concentrator are f r o n t  surface a1 uminized g l  ass, and (2 )  the 

h e l i o s t a t  i s  composed o f  seven rows o f  f l a t  m i r ro rs  i n  a s t a i r  s tep arrange- 

ment. Since aluminized f i r s t  surface mi r ro rs  are used, t h i s  f a c i l i t y  i s  

p a r t i c u l a r l y  we1 1.  su i ted  f o r  h igh power, h igh concentrat ion photo chemical 

experiments. However, i n  order t o  overcome the r e l a t i v e l y  poor corrosion 

and scratch resistance o f  the aluminized m i r ro r  surface i t  was necessary t o  

provide some s o r t  o f  surface protect ion.  This was accomplished by developing a 

v i ny l  coating. Using a r a t i o  o f  so lu te  t o  solvent  o f  1:3 and dipping the  

m i r ro rs  i n  t h i s  so lu t i on  a coat ing o f  several microns was obtained w i t h  a 

surface o f  su f f i c i en t  smoothness to. meet the desired r e f l e c t i v i t y  of 1 

m i  11 i radian. The coated m i r ro r  provided essen t i a l l y  the same r e f 1  e c t i  v i  ty 

as the uncoated f r esh l y  aluminized surface and has proven durable and protec- 

t i ve ,  and when washed w i t h  water and gauze no loss  i n  r e f l e c t i v i t y  has been 

observed over a per iod o f  about two years. The paraboloid concentrator i s  

located ins ide  o f  a p ro tec t i ve  she1 t e r  and the he1 i o s t a t  i s  provided w i t h  a 

cover t o  p ro tec t  the m i r ro rs  when no t  i n  use. Figure 5 i s  a photograph of 

the paraboloid concentrator, and Figure 6 i s  a photograph o f  the h e l i o s t a t  

o f  the  Sendai Solar Furnace. The concentrator contains 181 mi r ro rs  80 x 75 

centimeters and the h e l i o s t a t  seven rows o f  34 mi r ro rs  (238) each 200 x 91  

centimeters. The proper paraboloid contour was ground i n t o  the surface of 

each o f  the concentrat ing mirrors.  This furnace has been used extens ive ly  

i n  the measurement o f  the high, temperature proper t ies  .of mater ia ls,  fo r  h igh 

temperature x-ray d i f f r a c t i o n  studies, and cu r ren t l y  i s  being used i n  the 

study of h igh temperature d issoc ia t ion  of water t o  produce hydrogen. 

4. . Odei 11 o-CNRS 1000 kW Solar Furnace 

The wor ld 's la rges t  so la r  furnace, the CNRS 1000 kW Solar Furnace - 8/ 
was constructed a t  'ode11 l o  about 10 k i lometers west of Montlouis, France. 

Probably t.he best known o f  the lar.ge so la r  furnaces, i t  was b u i l t  on the same 

p r j nc i pa l  as i t s  predecessor a t  Montlouis and i t s  success i s  undoubtedly 

re1 ated t o  the experf ence gained a t  Montlouis. The most noteable differences 



5igge 6. He1 iastat o f  Toho'ku University Solar Furnace a t  Sendai , Japan. 



between the CNRS 1000 kW Solar Furnace and the Montlouis furnace are: (1) i t s  
s ize,  and ( 2 )  the number of heliostats.  The Odeillo f a c i l i t y  was the f i r s t  
solar  furnace t o  use mu1 t i p l e  he1 ios ta ts  and provided a prototype s i tuat ion 
for  present day central receiver solar  power concepts. A1 so, i t  is interesting 
t o  note tha t  the s ize  of the hel iostat  a t  Odeillo, much smaller than the single 
hel iostat  a t  Montlouis, is essent ial ly  the same s ize  as those currently being 
designed for  central receiver solar power systems, about 40 square meters. 
The CNRS 1000 kW Solar Furnace was constructed over almost a ten year period, 
beginning operation i n  1970. I t  was designed primarily for  the study of h i g h  

temperature processing of refractory material and for  high temperature 
chemistry. Figure 7 shows schematically the principal of operation of th i s  
f ac i l i ty .  Figure 8 i s  a photograph of the parabolic concentrator which is  
incorporated into the north side of  the laboratory and off ice building of 
the CNRS Solar Energy Laboratory. 

The 63 hel iostats  a re  each 7.5 meters wide by 6 meters high and contain 
180 f l a t  mirrors, each 50 x 50 centimeters. Each hel iostat  is designed to  I 

illuminate a specif ic  a re  of the parabola (along a 1 ine parallel to  the axis 
of the parabola) and is provided w i t h  a dual mode, optical control system' 
which maintains the proper oritentation of the hel iostat  through a hydraulic 
drive system. T h i s  dual system permits each hel iostat  t o  be operated in 

e i ther  a "search" o r  "track" mode. In both cases the optical guidance 
system is an optical tube with four photodiodes tha t  control the he1 ios tq t  
motion i n  east-west, up-down directions, through a closed loop system. When 

operating i n  the "search1I mode a short-  (10 centimeters) tube w i t h  a 40 
degree acceptance angle is used to  act ivate  the "fast" hydraul ic system i n  
an on-off mode to  quickly bring the he l ios ta t  w i t h i n  the operating range 
of the "track" system. In the "track" mode a 100 centimeter tube is  used 
t o  control a slower: actfng hydraulic system which sperates i n  a proportional 
control mode. The s ize  of the image of  the sun a t  the base of the 100 
centimeter tube is 1.25 cen t ime tm and the accuraSy of control i s  one 
minute of arc.  

The concentrating parabola has a focal length of 18 meters, is  40 meters 
h i g h  and 54 meters wide. I t  consists of 9500 i n i t i a l l y  f l a t  glass second 

surface silvered mirrors 45 x 45 centimeters. Each mirror was mechanically 



Figure 7. Schematic Showing Operation of CNRS 1000 kW Solar Furnace a t  
Odei l lo,  France. 

Figure 8. Pari-,loid Concentrator o f  CNRS 1000 kW , ~ l a r  Furnace a t  
Odei l lo,  France. 



curved and adjusted t o  provide a so la r  image o f  minimum diameter a t  the 

fncal paint .  Two years were required t o  accomplish the two precise adjust-  

ments on each of the 9500 mi r ro rs  which was accomplished on 1 October 1970. 

The prec is ion w i t h  which the CNRS 1000 kW Solar Furnace i s  constructed, 

together w i th  i t s  size, provide i t  w i t h  the highest  heat f l u x  and temperature 

o f  any large scale so la r  furnace i n  the world. Although only one- f i f th  the 

power o f  the DOE 5 MWt Solar Thermal Test F a c i l i t y  a t  Albuquerque, the 

maximum heat f l u x  i s  almost an order of magnitude higher and i t  can provide 

a peak teniperature about 1500' C higher. Heat f l ux  data i n  watts per square 

centimeter obtainable i n  the focal zone of the CNRS 1000 kW Solar Furnace 

i s  presented g raph ica l l y  i n  Figure 9. Curve 0 i s  f o r  a v e r t i c a l  plane through 

the foca l  po in t ,  curve d/2 i s  f o r  a plane one-half the diameter o f  the so la r  

image (8.5 centimeter) behind the focal plane and curve d i s  for  a plane 

removed one diameter o f  the so la r  image (17 centimeters) behind the foca l  

plane. Figure 10 i s  an energy contour map showing the heat f l u x  d i s t r i b u t i o n  

i n  watts per square centimeter on a plane i nc l i ned  a t  25 degrees (away from 

the parabola) from the v e r t i c a l  w i t h  i t s  center a t  the focal p o i n t  of the 

parabola. The maximum temperature obtained w i t h  t h i s  furnace i s  about 3600' C. 

5. Odei 11 o, French Army 

I n  1972, the French Army began operat ing a 45 kWt so la r  furnace 

a t  Odei 1 lo ,  on ly  a few hundred yards from the CNRS 1000 kW Solar Furnace. 

B u i l t  on the same p r i nc i pa l  as the Montjouis furnace i t  was designed 

p r i m a r i l y  f o r  the study o f  nuclear thermal effects - 9/. Figure 11 i s  an 

overa l l  view o f  t h i s  f a c i l i t y .  The h e l i o s t a t  i s  shown on the l e f t  and the 

concentrator i s  i n  the bu i l d i ng  on the r i g h t .  S ign i f i can t  features o f  t h i s  

f a c i l i t y  are: (1) The concentrator i s  a spherical conf igurat ion using f i r s t  

surface aluminized mi r rors ,  and (2) the h e l i o s t a t  i s  the  largest ,  s i ng le  

plane h e l i o s t a t  ever used (13.2 x 17.5 meters). This h e l i o s t a t  i s  shown i n  

Figure 12. 

Table I l i s t s  the p r i nc i pa l  charac te r i s t i cs  of the f i v e  la rge  scale 

so la r  furnaces,described i n  t h i s  section. Although developed over a 25 year 

period, a l l  f i v e  of these furnaces are s t i l l  i n  ac t i ve  use and each i s  

con t r ibu t ing  t o  the advancement of so la r  energy technology. 
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Figure 9. Heat Flux i n  Focal Zone of t h e  CNRS 1000 kW Solar  Furnace. 
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Figure 10. Heat Flux Contour Map o f  the  CNRS 1000 kW Solar  Furnace. 



Fi _ re 11. French Army Solar Furnace a t  iei 1 lo ,  France. 



TABLE 1: 

CHAWCTERISTICS OF LARGE SOLAR FURNACES 

Date F i r s t  Operated 

HELIOSTAT 

ONRS Tohoku 
CNRS Bouzareah Univers i ty  CNRS French Army 

Pant1 oui  s A1 g iers  , Sendai Odeil lo, Odeil lo, 
France A1 ger i  a Japan France France 

Number o f  He1 i o s t a t s  1 
He1 i os t a  t Size (meters) 10.5 x 13 
Type o f  M i r r o r  2nd Ag 
Number o f  M i r r o r  Elements 

i n  Each He l ios ta t  I 540 --- 
M i r ro r  Elemenr. Size (centimeters) 50 x 50 --- 
M i r ro r  Area i n  Each He1 i o s t a t  

(square meters) 135 
Total Number o f  He1 i o s t a t  

M i r r o r  Elements 540 
Total He1 i o s t a t  M i r r o r  Arza 

(square meters) 135 

CONCENTRATOR 

Configurat ion 
Size (meters) 
Type o f  M i r r o r  

='arabol o i d  Paraboloid Dish 
9 x 11 8.14 (Diam) 
2nd Ag El ectropol i shed 

A1 uminum 

Parabol o i  d 
10 (Diam) 
1s t  A1  

Parabol o i  d Spheri cal  
40 x 54 10 x 10 
2nd Ag 1 s t  A1 

(Continued) 



TABLE 1 (Continued) 

CHARACTERISTICS OF LARGE SOLAR FURNACES 

ONRS Tohoku 
CNRS Bouzareah Un i vers i ty CNRS French Army 

Montlouis A1 g iers  , Sendaj Odei l lo,  Odei l lo,  
France A1 ger i  a Japan France France 

CONCENTRATOR (Con ti nued) 

Number o f  M i r r o r  Elements 
M i r r o r  Element Size 

(centimeters) 
Total  M i r r o r  Area 

(square meters) 
N . - 
w 
rD . THERMAL PERFORMANCE* 

Total Thermal Power (kW) 25 (est )  35 {es t )  1,000 42.5 
Maximum Thermal E f f i c iency  (%) --- 50 [es t )  5 8 48 
Maximum Heat Flux (w/cm2) 1,200 --- --- 1,600 580 

* 2 Based on Inso la t ion  = 900-950 w/m . 



B. Solar Thermal Conversion Svstems 

This section br ief ly  reviews the development of re la t ive ly  1 arge scale 
experimental so lar  systems bui 1 t during the past 10 years for  the purpose 
of demonstrating or  studying various techniques f o r  concentrating sol a r  energy 
fo r  thermal power appl ications.  

1. I t a ly  

The f i r s t  large scale (100 kWt) demonstration of the production of 
high temperature, hiqh pressure steam using concentrated solar  energy was 
tha t  of Professor Giovani Francia, University of Genoa, I ta ly.  This was 
accomplished w i t h  a central receiver "power tower" type solar  thermal system 
built a t  b t .  1 lario,  I ta ly ,  i n  1967. A more advanced fac i l i t y .  was constructed 
a t  the same s i te  in 1972 10,'. T h i s  f a c i l i t y ,  show11 i r ~  FIyuro 13, hsed 211 

f l a t  mirrors, each one meter i n  diameter, arrayed i n  a hexagonal pattern to 

d i r ec t  the sun's rays onto a cavity type steam boiler-superheater suspended 
9 meters above the center of the mirror f ie ld .  With a d i r ec t  insolation of 
900 watts per square meter, t h i s  f a c i l i t y  produced 150 Kg of steam per hour 
a t  150 atmospheres and 500' C giving an overall efficiency of 70 percent. 

A unique feature of Professor  ranc cia's f a c i l i t y  was his design of the 
mechanical system used for  supporting the mirrors and tracking the s u n ,  The 

individual mi r ror  support-tracking system i s  referred t o  as a "kinematic 
motion" ( K M )  device. A1 1 of the KM devices a re  mechanical 1; 1 inked together 
t o  a common drive shaf t  so t h a t  they move tagether t o  follnw the sun by means 
of a single clockwork drive mechanism. 

Because of the  excel l en t  performance of this faci 1 i t y ,  the simp1 i c i t y  
of the tracking device and the s u i t a b i l i t y  nf the overall design fo r  providing 
an intermediate s ize  t e s t  faci 1 i t y  f o r  evaluating advanced central receivers, 
components and materials, Georgia Tech proposed to  ERDA tha t  a somewhat larger  
version of this f a c i l i t y  be constructed a t  Georgia Tech fo r  use as an ERDA 

research an'd t e s t  f a c i l i t y .  T h i s  proposal was approved arid d 400 kWt test 
f ac i l  i t y  of Professor Francia's design was funded by the Department of Energy. 
I t  was engineered by Ansaldo, Spa, Genoa, I ta ly ,  instal led by Georgia Tech 
and i s  being operated by Georgia Tech fo r  the Department of Energy as an 
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Advanced Components Test Faci l  i ty. Figure 14 i s  a photograph o f  t h i s  

f a c i l i t y  on the Georgia Tech campus 111. 
Since the kinematic motion device i s  one o f  the most s ign i f i can t  

features o f  these f a c i l i t i e s  and since i t s  basic design i s  used i n  the 

Japanese central  receiver system (discussed i n  the 'next  section), i t  i s  

described here. Figure 15(a) shows the pr inc ip le  o f  operation of the KM 

device. Point A i s  used as a reference point. Line AB i s  the extension of 

a l i n e  drawn from the sun through point  A. Line CA i s  the extension of a 

l i n e  drawn from the receiver through point  A. ~ i n e s  CA and AB are of equal 

length and for  the equal sides of the equi la tera l  ' t r iang le  ACB. A m i r ro r  i s  

placed a t  po in t  M perpendicular t o  1 i ne  MCB. Since 1 ine  MCB i s  para1 l e l  t o  

the bisector o f  angle SAR, the mir ror  surface w i l l  r e f l e c t  thti l i g h t  from 

Figure 15. (a) Schematic Showing Operation o t  . Kinematic Motion Deivce, 
(b) Drawing o f  Kinematic Motion Uevice f o r  DOE Advanced 
Components Test F a c i l i t y  a t  Georgia Tech, Designed by 
Professor Franci a. 



the sun (po in t  S) onto the rece iver  (poinz A). Point  B ro ta tes  about ax is  

TA, ( p a r a l l e l  t o  the ea r t h ' s  ax is )  a t  15'/hr and MCB ro ta tes  around p o i n t  C. 

This f i g u r e  i s  or iented so t h a t  ax is  TA i s  ' p a r a l l e l  t o  the ea r t h ' s  axis when 

located a t  the l a t i t u d e  of At lanta  (33' - 47') .  Figure 14(b) i s  a drawing 
' 

o f  the kinematic motion and support arm f o r  the Georgia Tech t e s t  f a c i l i t y .  

The ax is  o f  r o t a t i o n  i s  shown by 1 i n e  AT which i s  located para1 l e l  t o  the  

ear th ' s  axis. Rotat ion i s  provided by a cable W around the pu l l ey  a t  P and 

dr iven through the sha f t  S. Alignment w i t h  the sun ( l i n e  AB) i s  provided by 

a worm gear a t  D ac t ing  on the c i rcumferent ia l  gear arm E. Dec l inat ion 

adjustments a lso are provided through D. Alignment o f  the rece ive r  ( l i n e  AC) 

i s  provided through po in t  H attached t o  a movable c o l l a r  on the f ixed rod G. 

The major components of the f a c i l i t y  inc lude an octagonally shaped 

m i r ro r  f i e l d  which contains 550 mi r ro rs  111 cm i n  diameter. The f i e l d  of 

m i r ro rs  focus sun1 i g h t  i n t o  a foca l  zone 21.4 meters over the center of the 

f i e l d .  The mi r ro rs  may be i n d i v i d u a l l y  adjusted t o  t a i l o r  the heat f l ux  

d i s t r i b u t i o n  and i n t e n s i t y  t o  p a r t i c u l a r  experimental needs. The maximum 
2 rad ia t i on  f l u x  dens i ty  I s  approximately 214 w/cm i n  the cent ra l  focal zone, 

and the t o t a l  power i n t o  the focal zone i s  400 kWt. The o r i g i n a l  t e s t  

stand was an a r t i cu l a ted  t russ  located i n  the center o f  the  f i e l d  t h a t  was 

capable o f  support ing a 700 kg (1540 l b )  t e s t  device. Ear ly  i n  1978, t h i s  

stand was replaced w i t h  a r i g i d  tower capable of support ing a 9100 kg 

(20, boo 1 b) t e s t  device. 

During the process o f  completing the assembly and checkout o f  the 

faci  1 i ty  , a program was undertaken t o  determine the various e r ro r s  associated 

w i t h  the he1 i o s t a t  system and from these data determine the  po ten t ia l  

performance o f  the f a c i l i t y .  Ihe r e s u l t s  o t  t h i s  program are summarized i n  

Table 2. From these data an est imate was made o f  the  rad ian t  heat f l ux  and 

power d i s t r i b u t i o n  a t  the foca l  plane. These estimates are based on a m i r r o r  

r e f l e c t i v i t y  of 0.9, b locking and shadowing f a c t o r  o f  0.98 and a cosine 

f a c t o r  o f  0.95. They are summarized i n  Table 3. 

During i t s  i n i t i a l  operation, the he1 i o s t a t  f i e l d  performance was outside 

the l i m i t s  previously described. Ihe most important source of e r r o r  have been 

i d e n t i f i e d  as: (1)  a1 ignment technique, (2)  a1 ignment t o o l  i n g  inaccuracies, 



TABLE 2 

ERRORS ASSOCIATED LJITH THE HELIOSTAT FIELD 

Error  Source 

Aiming 

Tracki  ng 

Tota l  Tracking 

M i r r o r  Image 

Total  M i r r o r  F i e l d  

Er ror  

(mi 1 1 i rad i  ans) 

3 

3.9 

TABLE 3 

ESTIMATED HEAT FLUX AND POWER DISTRIBUTION AT THE 
FOCAL PLANE OF THE GT/STTF 

Diameter o f  
C i r c l e  a t  

Focal Plane 

( cm) 

I n t e n s i t y  
A t  Perimeter 

o f  C i  r c l  e 

(w/cm2 1 

Total  Power 
i n  C i r c l e  

-, 

(kW) 

Power I n  
C i  r c l  e 



and (3) m i r r o r  frame design. Steps are being taken t o  remove a l l  three e r r o r  

sources. As a r e s u l t  o f  the lea rn ing  per iod dur ing the i n s t a l l a t i o n  of the 

faci  1 i ty,  the a1 ignment technique has been rev ised and i s  being appl ied t o  

the readjustment of the KM devices. The a1 ignment t o o l i n g  required i n  t h i s  

task has been reca l  i brated t o  fur ther  reduce systematic errors.  F ina l l y ,  

s t u rd i e r  m i r r o r  frames are being designed and b u i l t .  With these act ions, 

the h e l i o s t a t  f i e l d  i s  expected t o  operate according t o  i t s  design 

spec i f ica t ions.  

The Georgia Tech f a c i l i t y  i s  being operated i n i t i a l l y  as a so la r  steam 

generating system. The p r i nc i pa l  component of t h i s  system i s  the cent ra l  

rece iver  (so la r  b o i l e r  and superheater). This rece iver  represents another 

area i n  which Professor Francia has made a s i gn i f i can t  con t r ibu t ion  t o  

concentrat ing co l l ec to r  technology. Figure 16 i s  a cutaway drawing of the 

rece iver  designed fo r  the Georgia Tech f a c i l i t y  which consists of a pre- 

heater section, two b o i l i n g  sections and a superheater. The i ns i de  surface 

of the  preheater sect ion i s  chromium plated. This provides essen t i a l l y  a 

secondary concentrator which red i r ec t s  incoming rad ia t i on  i n t o  the c a v i t y  . 
Because of the open spacing of the two bundles of b o i l i n g  tubes ( a l l  w i t h  

specular surfaces) the incoming rad ia t i on  i s  scat tered throughout the 

rece iver  minimiz ing ho t  spots and increasing the un i fo rm i ty  o f  heat ing of 

a l l  sides o f  a l l  b o i l i n g  tubes. The superheater consists of a c lover  leaf -  

serpentine c o i l  o f  tubes bur ied ins ide  the dome top  o f  the  receiver.  The 

ins ide  space between the b o i l i n g  tubes and the tubes and preheater sect ion 

i s  f i l l e d  w i t h  hanging bo ros i l i ca te  glass tubes. The end o f  the  tube facing 

the incoming rad ia t io r l  i s  open. These tubes are used t o  create what 

Professor Franci a describes as a "honeycomb an t i - r a d i  a t i  ng s t ruc ture .  I' 

Because o f  the h igh capture e f f i c i e n c y  o f  t h i s  system a r e l a t i v e l y  la rge  

aperture "cav i ty"  rece iver  can be designed. This i s  p a r t i c u l a r l y  important 

f o r  the mechanically dr iven m i r ro r  system which provides less accurate 

rn i r ror  aiming than w i t h  electronically dr iven he l ios ta ts .  I n  t h i s  case the 

diameter o f  the open end o f  the rece iver  i s  approximately 1% meters, almost 

equal t o  the he ight  o f  the receiver. Figure 17 i s  a photograph o f  the  

Georgia Tech rece iver  i n  operation. I n  a s i m i l a r l y  designed, bu t  smal ler  



F i  gure 16. Cutaway View o f  Boil  er-Superheater Cavity R.ecei ver o f  the 
DOE Advanced Components Test F a c i l i t y  - Georgia Tech - 
Designed by Professor Francia. 



Figure 17. Photograph o f  Boiler-Superheater o f  the DOE Advanced Components 
Test F a c i l i t y  a t  Georgia Tech - Designed by Professor Francia. 

receiver a t  S t .  I l a r i o ,  I t a l y  (Figure 13) 'professor Francia reported a cav i t y  

e f f i c i ency  o f  90 percent. 

2. Japan 

As p a r t  o f  Japan's "Project Sunshinen i s  the development o f  so la r  

power plants.  Both a d i s t r i bu ted  system u t i l  i z i n g  a plane-parabola concept 

and a cent ra l  rece iver  system are being devel oped. The p l  ane-parabol a system 

i s  being developed by Hi tach i ,  Ltd. i n  Tokyo and the Tower system by 

M i  tsub ish i  , Hi roshina, Japan. The p i 1  o t  p lants w i  11 be constructed a t  

Nio Town, Kagawa Prefeature, Sbi koku, Japan. This sect ion describes the 

t e s t  models which are being constructed i n  support o f  these systems. 

a. Plpne-Parabola $;stem. Figure 18 i s  a schematic representation 

o f  the concept being developed f o r  the plane-parabola co l l ec to r  system being 
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Figure 18. Drawing of Pl ane-Parabol a Solar Col l e c to r  Developed by H i  tachi  , 
Tokyo, Japan. 

developed by H i  tachi  g/. Five rows of 20 f l a t  mirrors,  each 3.0 x 1.5 meters 

wi l l  be used t o  t rack  t he  s u n  and d i r e c t  i t s  radia t ion onto f i v e  parabolic 
trough concentrators each 3.5 meters wide and 4.0 meters long. Each paraboloid 

trough i n  t u r n  concentrates the  so la r  radiat ion onto an absorber tube 0.054 
meters i n  diameter surrounded by an evacuated g lass  tube envelope. This 

system i s  designed t o  provide a concentration r a t i o  of 152. Twenty of the  
above un i t s  (each un i t  containing 100 f l a t  mirrors and f i v e  parabolic trough 
concentrators)  wi l l  provide a t o t a l  f l a t  mirror r e f l e c t o r  area of 9000 square 
meters. T h i s  system is  expected t o  provide 6300 Kg/hr of steam a t  15 
atmospheres and 343' C t o  power a steam turbine  t o  produce 1000 kW of e l e c t r i c  
power. The p j l o t  p lant  using this concept wil l  be only 30 percent of the 
1000 kW system and is  scheduled t o  begin operation in  July  1980. 



b. Tower System. Figures 19-21 are photographs o f  the concen- 

t r a t i n g  so la r  energy t e s t  apparatus b u i l t  by Mitsubishi  Heavy Industr ies,  Ltd., 
Hiroshima Technical I n s t i t u t e ,  Hiroshima, Japan - 131. This system was 

developed i n  support o f  the Japan Solar  Tower program. Figure 19 i s  an over- 

a l l  view o f  the f a c i l i t y  which provides about 40 kW o f  thermal power. It 

consists o f  a t e s t  tower 15 meters high, 88 he l ios ta ts  each of which contain 

nine f l a t  m i r ro rs  each 35 x 35 centimeters square (g i v i ng  a t o t a l  m i r r o r  area 

o f  97 square meters), a t e s t  rece iver  and thermal loop. 

This system was constructed dur ing 1976, and has been used t o  eval uate 

both a i r  cooled and steam receivers. Figure 20 shows the h e l i o s t a t  used i n  

t h i s  f a c i l i t y .  Although somewhat d i f f e ren t  i n  design, i t  operates on the 

same p r i n c i p l e  as the kinematic motion device developed by Professor Francia 

i n  I t a l y  (Figure 15). Figure 21 i s  a photograph o f  the t e s t  receiver.  Data 

obtained w i t h  t h i s  rece iver  p red i c t  an absorbing e f f i c i e n c y  o f  78 percent 
2 would be achieved a t  a heat f l u x  o f  170 kW/m and a surface temperature o f  

300' C. 
The 1000 kWe p i l o t  p l a n t  which w i l l  be based on t h i s  f a c i l i t y  w i l l  use 

850 he l i os ta t s  w i t h  a t o t a l  m i r r o r  area o f  13,600 square meters ( 4  x 4 meters 

per he l i os ta t ) .  The he l ios ta ts  w i l l  be arranged i n  a c i r c u l a r  f i e l d  160 

meters i n  diameter. The steam rece iver  w i l l  be located on the top o f  a 

c y l i n d r i c a l  tower, 68 meters high and produce 12,000 Kglhr o f  steam a t  

40 atmospheres and 248' C. The tu rb ine  w i l l  use 9790 Kg/hr of steam a t  

12 atmospheres and 187' C. The 1000 kWe tower system i s  scheduled t o  s t a r t  

operation i n  November 1980 141. 

3. France 

Many experimental e f f o r t s  are underway i n  France t o  study and 

demonstrate the use o f  concentrated so la r  energy i n  so la r  thermal conversion 

systems. Most o f  these are associated w i t h  component development, i.e., 

receiver,  he1 i os ta t ,  storage, etc., and are pa r t  o f  one o f  various nat iona l  

programs which are discussed i n  Section 111. There i s ,  however, one r e l a t i v e l y  

la rge  syste111 wt~ich has been constructed and which i s  undergoing t e s t  and 

evaluation. This i s  a t rack ing so la r  concentrator-receiver u n i t  developed by 

J. -L. P i e r r i e r -  Angers, France - 151. Figures 22 and 23 are photographs of 



'Figure 19. Central 'Rec-ei ver Test Faci 1 i t y  Devel oped by M i  tsubishi Heavy 
Industr ies,  Hiroshima, Japan. 

Figure 20.  el l o s t a t  Design used' i n  Central Receiver Test Faci T i  t y  Developed 
by M i  tsubis-h;i Heavy Industries, Hiroshima, Japan. 

I 



Figure 21. Photograph o f  Test Receiver a t  the Central Receiver Test  
Faci 1 i ty Developed by M i  tsubishi Heavy Industries, 
Hiroshima, Japan. . 





t h i s  system. The overall dimensions of the concentrator are 8.6 meters 
high by 12 meters wide. The concentrator contains 263 secand surface 
silvered mirrors. The thermal power collected by t h i s  system i s  about 
50 kWt. The concentration r a t io  i s  of the order of 200, b u t  t h i s  has not 
been measured w i t h  precision. Tracking i s  provided by small three phase AC 

motors which are actuated by altazumith signals from f ive  photo-resistance 
ce l l s  used to  acquire the position of the sun. The focal zone i s  located 
approximately f ive meters from the plane of the concentrator. 

The f i r s t  phase of the experimental program which was t o  construct the 
collector/concentrator system has been completed. The secand phase concerns 

the u t i l iza t ion  of the concentrated energy. Presently an o i l  cooled receiver 
i s  being considered which will use Gilotherm TH a t  340' C w i t h  a secondary 
heat exchanger to  provide steam a t  25 atmospheres. 

T h i s  system i s  considered important f o r  t h i s  paper since there appears 
to  be growing in teres t  in smaller self-contained solar  power systems. These 
may be used alone in certain small power applications (5-10 kWe) , for  example, 
in developing countries, or used in multiple uni ts  fo r  the production of 
larger quant i t ies  of power as in certain total  energy system. In tha t  
connection this system is  typical of the type which might be considered in 
order to  extend the small-power, stand alone system beyond the power level 
provided by readily available tracking paraboloid dish concentrators. 

C. Major Solar Thermal Conversion Experiments 

Two major experiments have been conducted t o  evaluate cavity type heat 
exchanger receivers for  central receiver solar  power systems: (1) a solar  
steam generator, and (2 )  an oi 1 cooled receiver. Both receivers were 

evaluated using the CNRS 1000 kWt Solar Furnace a t  Odeillo, France. 

1. Solar - Steam Generator 

A one megawatt cavity type solar  steam generator was designed and 
constructed by the Martin Marietta Corporation E/. The receiver design was 

based on the concept of a cavity receiver facing an a1 1 north f i e ld  of 
hel iostats .  Therefore, from orientation considerations this receiver was 
well suited fo r  tes t ing a t  the Odeillo f a c i l i t y  since the axis of the 



paraboloid concentrator i s  essentially horizontal. However, the receiver was 
designed to accept radiation over a maximum view angle of about 90 degrees 
while the energy arrives a t  the focal point of the solar furnace from a 
maximum viewing angle of about 150 degrees. Therefore, i t  was necessary to 
design and build a flux redirector to intercept the wide angle radiation and 
redirect i t  into the receiver a t  more suitable angles. This redirector concept 
i s  shown schematically i n  Figure 24. Figure 25 i s  a photograph of the f l u x  

redirector being set  up  a t  the focal point of the solar furnace. The, develop- 
ment and fabrication of the flux director was carried o u t  a t  Georgia Tech. 
After a number of experiments using a 60-inch searchlight type solar furnace 
a suitable reflector surface was developed. This consisted o f  a bare material 
of polished copper, nickel plated for hardness, - repol i shed and coated w i t h  

evapor.dled a1 umi num t o  provide a front surface mirror. The enti re ref lecti ve 
cone was then provided w i t h  a water cooling jacket. The solar tes t  program 
was conducted during June through August 1976. Figure 26 i s  a photograph 
of the Martin Marietta steam generating cavity receiver and flux redi rector 
during test  a t  the CNRS 1000 k ~ ' ~ o l a r  Furnace. The successful performance 
of the flux redirector suggests that this materials system might  serve as 
a starting point to use in designing h i g h  temperature s.econdary concentrating 
col 1 ectors. 

2. .Oil Cooled Receivers 

During October-December 1976, the CNRS successful ly demonstrated 
the production of electric power using the 1000 kW Solar Furnace a t  Odeillo z/. 
In this system the receiver was used t o  heat oil which was fed t o  a storage 
tank. Hot oil  drawn from the storage tank was used to generate steam through 

a series of heat exchangers. The steam i n  turn powered a turbogenerator 
which provided electricity t o  the power g r i d  a t  Odeillo. A schematic of 
the Odeil lo Power Plant is.shown i n  Figure 27. The peak electric power 
provided by this system was 100 kW. 

The receiver was designed to operate essentially as a black body w i t h  

solar radiation entering the cavity through a relatively smal.1 aperture. 
The working fluid, Gilotherm, a h i g h  temperature oil (thcrphenyl hydrogene) 
circulated in a single spiral tube which formed the inside wall of the receiver. 



RANGE OF INCIDENT FLUX AN6LEC 
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Figure 24. Schematic shohng Funttion o f    lux Redirector Used With Martin 
Marietta Cavity Receiver a t  CNRS 1000 kW Solar Furnace, 
Odei 1 1  o ,  France. 





P = 27 bars 

Figure 27. Schematic of Solar Thermal Power Cycle Using Oil Cooled Receiver 
a t  CNRS 1000 kW Solar Furnace, Odeillo, France. 

Figure 28. O i  1 Storage Tanks 'and nuxi 1 i ar-y Equipment for Oi 1 Cool ed Receiver 
Experiments a t  CNRS 1000 kW Solar Furnace, Odeillo, France. 



The thermal e f f i c i e n c y  of the rece iver  and storage tank inc lud ing  p ip ing 

was 85 percent under steady s ta te  condit ions. The heat losses were: 5 per- 

cent f o r  the receiver, 1.5 percent for  the storage tank, and 9.5 percent f o r  

t he  p ip ing 181. Figure 28 i s  a photograph o f  the .CNRS 1000 kW Solar Furnace 

showing the o i l  storage tank and a i r  cooled condenser f o r  the so la r  e l e c t r i c  

power p l  ant . 
I I I. CURRENT NATIONAL AND INTERNATIONAL PROGRAMS 

A. France 

The p r i nc ipa l  nat ional  so la r  thermal power system being developed i n  
France are coordinated a t  CNRS through PIRDES (Programme I n t e r d i s c i p l i n a i r e  

de Recherche Pour l e  Devel oppement de 1 ' Energie Sbl a i  re) 21. Those PIRDES 

programs which u t i  1 i ze concentrat ing co l  l ec to r s  may be c l  assi  f i e d  according 

t o  type o f  c o l l e c t i o n  system and design power output. For power l eve l s  above 

one MWe cent ra l  rece iver  systems are being developed under pro jects  THEM and 

INTI-800. For intermediate power systems from 5 t o  100 kWe d i s t r i b u t e d  

co l l ec to r s  are being developed under THEK pro jects  and by BERTIN. I n  

addi t ion,  a f i x e d  spherical co l l ec to r  i s  being developed under p ro jec t  

PERICLES 201. 

1. Pro ject  THEM 

For e l e c t r i c  power production above about one megawatt, cent ra l  

tower rece iver  so la r  power systems are being developed under program THEM 

(Centrale Thermo-He1 io-Electrique-Megawatt) . The technical  charac te r i s t i cs  

o f  a THEMIS p lan t  are summarized i n  Table 4 201. 
Sketches o f  the f ou r  he1 i o s t a t  designs being developed on the THEMIS 

program are shown i n  Figure 29. The f i r s t  prototype THEMIS i s  planned t o  

begin operation a t  Hute-Cerdagne, France i n  1980, and i s  a j o i n t  p ro jec t  

o f  CNRS and EDF ( E l e c t r i c i t e  de France). This p ro jec t  w i l l  be a cont inuat ion 

o f  the INTI 800 p ro jec t  which i s  being conducted by the  i ndus t r i a l  group 
CETHEL (an associat ion for  the  construct ion o f  so la r  cent ra l  receiver-  

h e l i o s t a t  type power plants) .  Par t ic ipants  i n  t h a t  program are S t .  Gobain- 

Pont-A-Mousson and Renault Engineering for  the he l ios ta t ,  Renault Engineering 
C 



TABLE 4 

THEMIS PROJECT 

He l i os ta t  F i e l d  

- Approximately 360 he l i os ta t s  placed nor th  o f  a lOOm tower 

- Area o f  i n s t a l  l e d  glass: 17,500 m2 

- Ground area: about 6 hectares (15 acres) 

- Nominal power received by the col l ec to r s  i s  14 MW 
(Solar  f l u x  o f  800 ~ / m 2  a t  noon a t  equinoxes) 

He1 i ostats  

- Four prototypes are shown i n  Figure 29 

- Area: approximately 50 m2 

- Focusing 

- Operating i n  winds up t o  50 kmlh 

- Tracking precis ion:  4 m i l l i r a d .  i n  the r e f l e c t e d  beam 

Receiver 
2 - Cavi ty type, 50 m aperture, tube wal ls  

- A molten s a l t  rece iver  i n  which the storage f l u i d  i s  heated 
i n d i r e c t l y  

Storage 

- F lu id :  eu tec t i c  mixture o f  KN03, NaN02, NaN03 (531, 40%, 7%) 
me l t ing  point :  140° C 

- Storage temperature: 300-415' C 
3 - Capacity:, 600 tons, d i s t r i b u t e d  between two 400 m reservo i rs  

Cyc 1 e 

- Water/superheated steam: 50 bars, 410' c 

- Nominal tu rb ine  power: 2 MW 

- Output condensor: 60' c, 0.2 atm 



TABLE 4 (Continued) 

THEMIS PROJECT 

Conversion 
2 - For nominal character is t ics  (800 W/m a t  noon a t  the equinoxes) 

- Collector f i e ld  0.95 
- Glass 0.85 
- Receiver 0.85 
- Net cycle -- 0.26 

Overall 18% 
- 

for  the tower, Heurtey fo r  the thermal system and Fives-Cail-Babcock for  the 
boiler.  The INTI 800 project will be operational in 1979, and will generate 
800 KWe. I t s  thermal system i s  a scaled up  version of tha t  used in the 
~ i l l o  oi l  cooled receiver-electric power generation experiment described 

.T t l  the previous section (Figure 27). The 150 hel iostats  used i n  the INTI 
800 project will be in principle those used in THEMIS. 

The second generation of tower systems should lead to a 10-20 MWe 
power s tat ion in 1983, w i t h  an energy cost of 100 mils/kWh or  less .  This 
CNRS program i s  being conducted in l iaison w i t h  EDF and with the cooperation 
o f  CEA (Commissariat a '  1 'Energie Atomiqua) and the ONERA (Office National 

d' Etudes e t  de 1 a Recherche Aerospati a1 e )  , 

2. Project THEK 

Project THEK (Thermo-He1 io-El ectrique-Kil owatt) i s  one of several 
CNRS projects to  develop solar  systems for  power requ-irements below the 
megawatt level =/. These projects use distributed collector systems made u p  
of smaller and less  sophisticated mirrors with concentration factors in the 
range of 20 t o  300. Other distributed system programs besides THEK are 
PERICLES and the program of Bertin. 

In the THEK program each solar  thermal conversion module i s  made u p  of 
a parabolic collector which tracks the s u n  and has a receiver a t  i t s  focus. 
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Figure 29. Four Hel iostat  Designs Being Developed on Project  THEM and 
INT 800. 



A thermal loop l i n k s  a l l  of the c o ~ y e r s i o n  modules t o  a common con t t y l  and 

storage system. A sketch o f  the THEK 80 kWe f a c i l i t y  t o  be completed i n  1978, 

i s  shown i n  Figure 30, and i t s  technical  charac te r i s t i cs  are given i n  

Table V a/. Figure 31 shows the two designs which are being developed fo r  

the co l  1 ec tor  modules. 

Figure 30. Sketch o f  THEK 80 kWe D is t r ibu ted  Solar Power System. 

3. Pro jec t  PERICLES 

Pro ject  PERICLES (Production d' E l e c t r i c i  t e  en Regions Isolc?es par 

Concentration Limi tee d' Energie Sol a i  r e )  uses a 1 arge f i x e d  spher ical  

c o l l e c t o r  w i t h  a b o i l e r  which moves t o  f o l l ow  the concentrated so la r  energy 

produced i n  the co l lec to r .  The rece iver  i s  d iv ided i n t o  two sections, one 

roughly c y l i n d r i c a l  which receives low concentrat ion rad ia t i on  and a c a v i t y  

rece iver  fo r  the h igh f l u x  concentration. A 10 meter diameter laboratory  

mock up was completed i n  1977 - 201. 



Figure 31. 

lit 
Concentrating Col 1 ector-Receiver Design Being Developed 
THEK System. 

f o r  



TABLE 5 

GENERAL CHARACTFRTSTICS OF THEK 2 SYSTEM 

Module 

Type: parabol i c  d i sh  

Focal distance: 4.83 m 

Receiving area: 50 rn2 

Geometric concentrat ion: 230 

F l u i d  i npu t  temperature: 217' c 

F l u i d  output  temperature: 300' c 

F l u i d  f l ow  ra te :  1.5 m/s (124 kg/s) 

Type o f  t racking:  cl'osed loop 

Tracking precis ion:  5 m i  11 i rad ians i n  r e f l ec ted  beam 

Avai lab le  power: 29 kWt 

Sys tem 

Number o f  modules: 26 

Ground area: 6,000 m2 

Area o f  glass: 1,300 m2 

F l u i d  flow ra te :  1 m/s (3.5 kg/s) 

F l u i d  mass i n  loop: 2,900 kg 

C i r c ~ ~ l a t i o n  pump: ,1.5 kW 

Power transformed i n t o  thermal energy: 750 kWt 

Storage 

lype: sensible heat 

Volume: 56 m 3 

Charqinq time: 2 days 

Power ava i lab le  a t  storage: 700 kWt 

Thermodynamic Loop 

Character is t ics  of superheated steam: 280' a t  26 atm 

Power ava i lab le  a t  condensor: 600 kWt 

E l e c t r i c a l  power avai lab le :  93 kWe 



For the reflecting surface of th is  collector a new fabrication technique 
was developed. Thin curved hexagonal glass sheets 60 cm diagonal were bonded 
to large self supporting mirror carriers 3 x 2 meters. These carriers were 
made of a lightweight mixture of emulsified concrete and small expanded glass 
beads. The curvature radius can be as small as 5 meters and developments 
are in progress to increase the dimensions of both elementary mirrors and 
mirror carriers - 22/. A photograph of the 10 meter diameter model i s  shown 
in Figure 32. A 50-meter diameter version i s  currently planned w i t h  a 
concentration factor of 250 and an electrical power output of 250 kWe. 

4. Bertin Company Project -. 

The Bertin Company i s  leading a team of four members in the develop- 
ment of a medium size solar electr ic power plant in the 100-1000 kWe range - 23/. 

The other members are Renaul t Moteurs Development, Commi ssari a t  a 1 ' Energie 
Atomique and Pechiney Ugine Kuhlman. 

- Two kinds of linear focus solar collectors are being considered. The 
f i r s t  uses a fixed boiler pipe and moving parabol i c  trough mirror se t  up  in 
a greenhouse. The greenhouse provides dust, corrosion, and wind protection 
and permits the use of a much lighter solar collector structure. The second 
system i s  a segmented mirror fixed reflector buil t  of silvered glass mirrors 
on concrete blocks i n  an east-west orientation. The heat collector i s  
adjusted on solar declination, thus requiring a few degrees per day of 
scanning. Mirror blocks are designed for on s i t e  production. The system 
i s  being designed for 24 hour operation using oil storage heated directly 
from the col lcctors, Power will he provided through an organic cycle turbo- 
a1 ternator. 

Table 6 summarizes the status and some of the more important charac- 
t e r i s t i cs  of the major French solar power systems being developed under the 
CNRS-PIRDES programs. 

B. Japan 

The major Japaneese solar energy programs uti 1 izing concentrating 
coll ectors are being developed under the national program "Project Sunshine, " 



Figure 32. Photograph of -  10 Meter Laboratory Mbdel o f  PERLCLES Fixed 
Spheri t a l  Dish: Cdttentkator, 

Inauqurated i n  ,111ly 1974, the ab jcc t i vc  o f  t h i s  yt-uyrsrn i s  r a  prallole R&D 
On a l t e rna t i ve  sources o f  energy which might meet the energy demand of Japan 

a f t e r  the  year 2000 241. 
Mitsubiahi  Heavy Indust r ies  i s  developing a  cent ra l  rece iver  so la r  

e l e c t r i c  power p l a n t  cancept i n  Japan. A one MWe p lan t  i s  scheduled fo r  

completion i n  1980 and i t s  charac te r i s t i cs  were b r i e f l y  summarized i n  
Section II.B.2. The general spec i f ica t ions fo r  the 10 MWe p lan t  planned 

for 1385 are s i l i l i l d r  t o  the Dot 10 MWe P110t Plant  p ro jec t  t o  be b u i l t  a t  

Bars tow, Cal i forn  i a. 

Hi tachi ,  Ltd. i s  developing a  d i s t r i bu ted  system u t i l i z i n g  a  plane- 

parabola concept. A 300 kWe p i l o t  p lant ,  scheduled t o  begin operation i r l  

1980 a lso i s  described i n  Section I 1  .B.2. 



TABLE 6 

SUMMARY OF FRENCH SOLAR ELECTRIC POWER PROGRAMS USING CONCENTRATING COLLECTORS 

P r o j e c t  THEMIS INT-800 TH.EK-1 . THEK-2 PERICLES BERTIN . 

CNRS- EDF Indus t r y  CNRS CNRS CNRS-LAS I n d u s t r y  

Date F i  r s t  Operated 1980 1979 1977 1978 1927 1959 

No. o f  He l i c ls ta ts  

Concentrat ing System 

N 
m 
4 . ,- concent ra t ion  

Recei ver  F l  u i d  

Storage F l  u i  d 

Working F l u i d  

Conversion Device 

' Power De l i ve red  KWe 

Molten S a l t  
4200 C 

Mol ten S a l t  
4200 C 

Steam 
410' C-50 atm 

Turbine 

G i  1 otherm 
335O' C 

G i  1 otherm 
3350 C 

Steam 
270' C-27 atm 

Turbine 

2 ea 
Paraboloids 

250-300 

G i  1 otherm 
3000 C 

G i  1 otherm 
3000 C 

--- 

25 ea 
Parabol o ids  

50 m2 

250-300 

G i  1 otherm 
3000 C 

G i  1 otherm 
3000 C 

--- 

Sphere 

2 50 
,$ 

--- 
I .  

- - - 

--- .Water- Water- 
Steam Steam 

P is ton  Motor Turbine --- 
S p i l l i n g  

Parabol o-jd Trough 
o r  Segnen ted  

2:. 

G i  1 otherm 
200'-250° C 

. . 

.' o rgan ic  F l u i d  
2000-250' C .. 

Turbine 



Other  ma jo r  p r o j e c t s  i n c l u d e  t h e  40 kWt h i g h  temperature s o l a r  fu rnace  

o f  t h e  U n i v e r s i t y  o f  Tohoku a t  Sendai and t h e  40 kWt s o l a r  thermal t e s t  

f a c i l i t y  o f  M i t s u b i s h i  a t  H i rosh ina ,  Japan. These f a c i l i t i e s  were desc r i bed  

i n  Sec t i on  I I .A .3  and 11 .B.2, r e s p e c t i v e l y .  

C. Federal  Repul i c  o f  Germany 

I n  c o n t r a s t  t o  t h e  s i t u a t i o n  i n  some o t h e r  c o u n t r i e s  t h e r e  was 

e s s e n t i a l l y  no background i n  concen t ra t i ng  c o l l e c t o r  technology i n  West 

Germany p r i o r  t o  1973. However, t h i s  s i t u a t i o n  has changed d r a m a t i c a l l y  

d u r i n g  t h e  p a s t  f o u r  years .  Most a c t i v l t l e s  i n  t h e  Federal '  Governrrler1.1; ar'e 
j o i n t  indust ry-government  p r o j e c t s  and Germany has become p a r t i c u l a r l y  a c t i v e  

i n  i n t e r n a t i o n a l  coope ra t i ve  programs 5 / .  
An a s s o c i a t i o n  between Messerschmidt-idol kow-Blohm (MBH) and t h e  T t a l  i a n  

f i r m  Ansaldo was formed t o  develop s o l a r  e l e c t r i c  power p l a n t s  of  two types. 

One i s  a  sca led  up v e r s i o n  o f  t h e  c e n t r a l  r e c e i v e r  p l a n t  des ign by Professor 

F ranc ia  a t  S t .  I l a r i o  (see Sec t ion  I I . B . l ) ,  t h e  o t h e r  i s  a  100 kWe system 

o f  a  des ign  s i m i l a r  t o  t h e  one be ing  developed by J. L. P e r r i e r  151. 
A 10 kWe power system u s i n g  c o n c e n t r a t i n g  c o l l e c t o r s  i s  be ing  developed 

by D o r n i e r  Systems - 261. Th is  p l a n t  i s  be ing  designed t o  p r o v i d e  e l e c t r i c i t y  

t o  smal l  v i l l a g e s  f o r  pumping wate r  f o r  i r r i g a t i o n ,  r unn ing  o f  smal l  machines 

and f o r  comniunications and i s  be ing  suppor ted by t h e  M i n i s t r y  of Science and 

Technology o f  t he  FRG w i t h  t h e  ass i s tance  o f  t h e  Na t i ona l  Research Center (NRC) 

o t  Egypt. The system w i l l  use 400 square meters o f  f l a t  p l a t e  c o l l e c t o r s  and 

200 square meters o f  t r a c k i n g  p a r a b o l i c  t rough  concen t ra to r s  t o  hea t  wa te r  

i n  t h e  p r ima ry  cyc le .  The c o l l e c t e d  energy i s  t r a n s f e r r e d  t o  a  secondary 

c y c l e  i n  which Freon R113 i s  vapor ized  t o  d r i v e  a  tu rbogenera to r .  The over-  

a l l  e f f i c i e n c y  o f  t h e  p l a n t  i s  c a l c u l a t e d  t o  be about 3  pe rcen t  and i t  i s  

expected t o  beg in  o p e r a t i o n  i n  1978. 

f4.A.N. Co rpo ra t i on  o f  Munich i s  deve lop ing  a  smal l  s c a l e  modular s o l a r  

thermal power s t a t i o n  w i t h  a  c a p a c i t y  o f  15 t o  1000 kWe u s i n g  concen t ra t i ng  

c o l l e c t o r s  w i t h  steam as t h e  work ing f l u i d  - 271. The c o l l e c t o r  module c o n s i s t s  

o f  a  p l a t f o r m  o f  approx imate ly  150 square meters o f  c o l l e c t o r  area o r i e n t e d  

i n  a  no r th - sou th  d i r e c t i o n .  A p ro to type-power  p l a n t  w l  t h  a maximum o u t p u t  u f  



50 kWe and with integrated waste heat  u t i l i z a t i on  wil l  be erected.  in Spain 

in 1978/79. I t  will use parabolic trough concentrators with a concentration 

fac to r  of 30-40 to  produce a working f l u id  temperature of 2 5 0 ~ - 3 0 0 ~  C t o  

dr ive  a steam turbine.  One co l lec to r  platform of 150 square meters was 

scheduled t o  be ins ta l l ed  i n  ea r ly  1978 with t he  t o t a l  system being 

operational in ea r ly  1979 (see Section I11 .G.2. ) .  

idumerous concentrating co l lec to r  devices are  being s tudied,  developed 

and demonstrated by the Research and Development Laboratory of Hans 

Kleinwachter. i n  Lorrach.. Of i n t e r e s t  t o  t h i s  review i s  a s ing le  axis  

tracking,  polar axis  mounted paraboloid dish concentrator.  Solar  thermal 

systems with dish diameters u p  t o  8 meters 'are being designed with a projected 

t o t a l  system cost  as low as $13,500 f o r  a 5 kWe un i t  - 28/. 

D. Spain 

Spain 's  o f f i c i a l  a c t i v i t i e s  in the f i e l d  of so l a r  energy were i n i t i a t e d  

in 1958 when the Comision National de Energias Especiales ( C N E E )  was 

appointed t o  study the  potential  of non-conventional energies.  The main 

so la r  projects  involving concentrating co l lec to rs  within the C N E E  program 

are:  (1) a so l a r  thermal plant  ( bo i l e r )  capable of producing 1000 Kg/h of 

steam a t  about 145 atmospheres coupled t o  a conventional thermoelectr ic 

power p lan t ,  ( 2 )  a 1 MWe central  receiver  so l a r  e l e c t r i c  power plant ,  and 

(3 )  a 30 kWt so l a r  furnace fo r  mater ia ls  research - 29/. 

The 1 MWe central  receiver so l a r  power plant  i s  being constructed a t  

Almeria i n  Southern Spain 'and i s  scheduled t o  begin operation in 1980. This 

plant  wi l l  use 600 he l i o s t a t s  each with a surface area of 10.667 square 
meters. A se~ni cyl indr ica l  cav i ty  type boil er-superheater receiver  wi 11 

be mounted on a tower 30 meters high. The thermal power i s  predicted t o  be 

5.15 M W t  - 30/. W i t h  t h i s  p i l o t  p lant  Spain expects t o  be among the  f i r s t  

countries t o  demonstrate the use of so l a r  energy f o r  the large  sca le  

production of e l e c t r i c i t y .  The se lect ion of Spain f o r  the  two IEA 

( International  Energy Agency) 500 kWe so l a r  e l e c t r i c  power plants  

adds fu r t he r  support t o  Spain's e f f o r t s  t o  be one of the leading countries 

i n  the development of so l a r  e l e c t r i c  power. 



E .  I t a l y  

The most s i  gni  f i c a n t  accompl i shment i n  concent ra t ing  co l  1  e c t o r  develop- 

ment i n  I t a l y  has been the  work of Professor  Francia p rev ious l y  described 

(Sect ion  I I. B. 1. ) . However, a t  t he  present  t ime numerous i n d i v i d u a l  

i n d u s t r i a l  and u n i v e r s i t y  a c t i v i t i e s  are  r a p i d l y  developing throughout the  

country. Unfor tunate ly  these a c t i v i t i e s  are n o t  being coordinated and a 

n a t i o n a l  s o l a r  energy program has y e t  t o  be developed. Probably one o f  t he  

most a c t i v e  l a b o r a t o r i e s  i s  t h a t  of t h e  U n i v e r s i t y  of Ca labr ia  - 311 a t  

Cosenza i n  southern I t a l y  where a  l i n e a r  pa rabo l i c  t rough concent ra tor  i s  

being s e t  up i n  a  greenhouse ( s i m i l a r  t o  the  B e r t i n  pro,ject i n  France). A 

~ o o p e t . d L i  vt! p r u j e c r  wleh l i a t  has t h e  o b j e c t i v e  o f  developing low c o s t  1  i nea r  

concentrators us ing  ciirved p l ~ x i g l  ass sheets backed G J ~  t h  a1 umini zed niyl ar* I.(, 

make a Second sur face m i r r o r .  

S i c i l y  has been se lec ted  as the s i t e  f o r  t he  EEC (European Economic 

Community) 1 MWe c e n t r a l  r e c e i v e r  s o l a r  e l e c t r i c  power p l a n t .  

F. M u l t i  Nat iona l  Programs 

Two major m u l t i - n a t i o n a l  programs a r e  making s i g n i f i c a n t  c o n t r i b u t i o n s  

t o  the  advancement of concent ra t ing  c o l l e c t o r  technology. These are the  

s o i a r  power p l a n t  of t he  European Economic Community (EEC) and two power 

p lan ts  of t he  I n t e r n a t i o n a l  Energy Agency ( I E A ) .  

1. European Economic Commun i ty ( EEC) 

The EEC i s  proceeding t o  b u i l d  a  1 MWe c e n t r a l  r e c e i v e r  type s o l a r  

power p l a n t  near ~ a t a n i a  i n  S i c i l y .  This  f a c i l i t y  w i l l  use 250 h e l i o s t a t s ,  

designed by MSB (F'KG), w i t h  a  t o t a l  m i r r o r  area of 7,000 square meters. The 
. . 

r e c e i v e r  w i l l  be a  c a v i t y  type bo i le r -superheater ,  s i m i l a r  t o  the design of 

Professor  Francia, on a  50-meter tower. Steam cond i t i ons  w i l l  be 510' C a t  

50 atmospheres. Storage w i l l  c o n s i s t  o f  a  steam-water accumulator w i t h  a  

~no l  t e n  s a l t  sens ib le  heat  superheater - 32/. 

2. I n t e r n a t i o n a l  Energy Agency (IEA) 

The I E A  i s  cons t r~uc t i ng  two 500 kWe s o l a r  power p l a n t s  i n  soutIierqr~ 

Spain. One w i l l  be a  d i s t r i b u t e d  system and the  o the r  a  c e n t r a l  r e c e i v e r  



system. Acurex of California i s  providing most of the solar input for  the 
distributed system and Martin Marietta, Denver Division most of the solar  

input for  the central receiver system - 33/: The M.A.14. (FGR) two-axis' 
tracking concentrating col lector  will be used on 30 percent of the f i e ld  
for  the distributed system. Various heat t ransfer  Tluids were studied for  
the central receiver system incl uding mol ten sal t s  ,. sodium vapor and 1 iquid 
sodium, with l iquid sodium having been selected for  th is  appl icat ion - 341. 

IV, CONCENTRATING COLLECTOR ACTIVITIES IN 
p LESS DEVELOPED COUNTRIES .(LDCs) 

During the past decade mounting concern has developed over the problem 
of meeting the energy needs o f .  the less  developed countries. Development 
requires energy and most of the LDCs are unable to  afford conventional sources 
of energy, and are  poorly equipped for  i t s  transport and/or dis t r ibut ion even 
i f  they could afford them. However, since most of these countries a re  in 
areas of h i g h  solar  insolation and since solar  energy i s  naturally distributed 
attention has been t u r n i n g  to  so lar  energy as one of the most promising 
sources of energy for  the LDCs. 

The principal requirements for  energy in less  developed countries are  
mechanical power for  pumping i r r iga t ion  water and for  generating e l ec t r i c i ty ,  
and thermal energy for  drying agrucltural products, fo r  industrial  processes 
and for  cooking. Since i t  i s  well known tha t  solar  energy can meet a l l  of 
these requirements, there has been a rapid.increase i n  solar  energy R&D i n  

almost a l l  of the LCDs .  However, until recently most of these a c t i v i t i e s  
have been concerned w i t h  the development and evaluation of systems using f l a t  

plate,  non-concentrating collectors.  Recently i t  has begun to be recognized 

that  the very low eff ic iencies  (about one percent) obtained with such 
coll ectors makes these systems prohibitively expensive. Therefore, many 

of the l e s s  developed countries a re  beginning to  experiment with the use of 
concentrating coll ectors.  Such coll ectors typically are  being developed for  
water pumps and cooking since typically these countries are  s i tuat ion i n  arid 
cl  imates where i r r iga t ion  water i s  badly needed and where fuel wood i s  in 
short  supply. The lack of water fo r  crops and aminals and excessive cutting 
of wood for  cooking have compounded the energy,problem by adding an extra 



burden to the land which i s  ' resulting i n  deforestation and deser t i f icat ion.  

Therefore, by developi,ng efficient,  re1 iable and affordable solar  concen- 
t r a to r s  i t  would be possible not only to provide the energy so urgently 

needed for  water pumping and cooking; b u t  would help in the.  f ight  against 
deforestation and deser t i  f ication - 35/. . . 

Activi t ies  i n  four of the' l ess  deve10'~ed countries are  given here as 
examples of the types of programs that- mdy be expected from the LDCs and 
through which they are  l ike ly  to  make s ignif icant  contributions to 
concentrating col lec tor  technology i n  the .near future. 

A. India 

The so lar  energy a c t i v i t i e s  i n  India a re  the most numerous and 

diversified of any of thc 1 css developed countries. The Inclia!s sol dr- lt~tlr.l~~al 
conversion program gives top pr ior i ty  . t o  water pumps for  i r r iga t ion .  Those 

using concentrating collectors are:  (1) a 200 watt hot a i r  engine using a 
tracking concentrator and Sterling cycle a t  Bhavanagar, and (2)  a 2 KW pump 

using fi.xed 1 inear parabolic concentrator and steam Rankine cycle a t  
Baroda - 36/. Other concentrating col 1 ector  programs incl ude solar  furnaces 
a t  the Indian Ins t i tu t e  of Science and Vikram Sarabhai Space 'Center, 
paraboloid col lectors  a t  the Annamalai University.and solar cookers a t  the 
National Physical Laboratory; the Central Arid Zone Research Ins t i tu te  and 
the Annamalai Universit .~.  All toqehtgr there are  more than t h i r t y  Center< 

of solar  enerqy research i n  India. A t  the 1977 Internat.inna1 5 n 1 ~ r  E n ~ r g y  

Congress in New Del h i ,  researchers presented 15 papers deal i n g .  with 
concentrating col 1 ectors . 
B. Mexico 

The Ins t i tu t e  of Engineering of the National University of Mexico has 

undertaken a program to develop a small power s tat ion for  remote d i s t r i c t s  
w i t h  an underdevelopcd infrastructure,and insuff icient  energy supply - 37/. 

A 1 KW prototype water pumping system was constructed as part  of a 
program to develop a 20-40 KW system. The system uses 30 square meters ,of 

l inear  parabolic trough concentrators. Experimental collectors were oriented 
i n  N-S and E-W direct ions. .  The N-S collectors rotate  around the absorber and 



i n  the E-W system both the co l l ec to r  and absorber ro ta te  simultaneously 

around the center of g rav i t y  which i s  below the system. Four d i f f e r e n t  

r e f1  ec t i ve  mater ia l  s are being eval uated. Prel iminary experiments have 

shown t h a t  second surface aluminized a c r y l i c  and vacuum deposited aluminum on 

pol ished s ta in less s tee l  w i t h  a c r y l i c  coat ing g ive the best  r g f l e c t i v i  ty w i th  

both having a value o f  about 0.8. The thermomechanical system uses steam a t  

170' C and 3 t o  5 atmospheres as the working f l u i d  t o  dr ive- a steam p is ton  

engine. This system has been connected t o  a pump i n  a shallow water we1 1 

and i s  cu r ren t l y  undergoing eval uation. 

C. Egypt 

Several concentrat ing c o l l  ec tor  pro jects  are being car r ied  ou t  a t  the 

National Research Center (NRC) near Cairo. The more s i g n i f i c a n t  ones are 

concerned w i t h  steam generation using p o i n t  focusing systems. Figure 33 i s  

a photograph o f  a la rge  scale so lar  furnace under construct ion a t  the 

NRC 38J. The framework f o r  the concentrat ing co l l ec to r  mi r rors  i s  a t  the l e f t .  

The three h e l i o s t a t  frames are shown i n  s t a i r  step fashion $t the r i g h t .  The 

three l eve l  construct ion was necessary because o f  the lo i * . la t i tuhe  o f  Cario 

and the high tilt angle required dur ing the sumner. This i s  a reminder 

t h a t  the he1 i o s  tat-concentrator type o f  sol  a r  furnace becomes a marginal 

design concept as the s i t e  loca t ion  approaches the  area between the Tropic 

o f  Cancer and Capricorn. This i s  a lso a reminder t h a t  caut ion must be 

exercised when considering the d i r e c t  t rans fe r  o f  so la r  devices from one 

area o f  the wor ld t o  another. 

D. Niger 

Solar energy programs i n  Niger are ca r r i ed  ou t  through ONERSOL (1 'Of f ice 

de 1 'Energie Sola i re)  i n  Niamey. Those invo lv ing  concentrat ing co l lec to rs  

are re l a ted  t o  developing cookers and thermomechanical power generation 

equipment. Figure 34 i s  a photograph o f  a paraboPoid d ish so la r  cookef 

produced by ONERSOL. S imi lar  cookers introduced i n t o  Upper Vol ta have been 

used hy v i l l a g e  women t o  prepare a l l  o f  t h e i r  nat fve dishes inc lud ing  b ro i l ed  

chicken. The low cost, ease o f  operation, s i m p l i c i t y  and v e r s i t i l i t y  g ive 

t h i s  cooker the po ten t ia l  of being able t o  s i g n i f i c a n t l y  reduce the 



~ i ~ u r b  33. Construction of Solar Furnace Test Facility a t  National Resear 
Center, Cairo, Egypt. 

Figure 34. Concentrating Coll ector Solar Cooker at ONERSOL, Niamey, 
Hi ger. 



de fo res ta t i on  caused by the  excessive c u t t i n g  o f  f i rewood f o r  cooking. O f  

major importance i n  the  p o t e n t i a l  success o f  t h i s  cooker i s  the  r e l a t i v e l y  

' l a r g e  c o l l e c t o r  area (about two square meters) needed t o  .cook s u f f i c i e n t  

food f o r  a f a m i l y  o f  f o u r  t o  s i x  and the  use o f  aluminized p l a s t i c  r e f l e c t o r  

which i s  e a s i l y  cleaned. 

V .  CONCLUSIONS 

I n t e r n a t i o n a l  developments i n  concent ra t ing  c o l l  e c t o r  technology cover 

a broad range o f  app l i ca t i ons  over  a r e l a t i v e l y  l ong  pe r iod  o f  t ime. 

Developments i n  h igh  temperature technology i n  Europe, A lge r ia  and Japan 

provide a background o f  experience and technology which should a s s i s t  f u t u r e  

developments i n  the  Un i ted  States concerned w i t h  h igh  temperature chemistry 

and mate r ia l  s processing. 

The developing programs i n  s o l a r  therma'l e l e c t r i c  power generat ion 

i n  France, I t a l y  and spain w i l l  p rov ide  much needed in fo rmat ion  concerning 

the  performance o f  var ious types o f  c o l  1 ector-concentrator  systems, heat  

t r a n s f e r  f l u i d s ,  and rece ive r  designs as we1 1 as t h e  e f f e c t  o f  d i f f e r e n t  

geographic l o c a t i o n s  and c l imates  on performance and economics. 

A c t i v i t i e s  i n '  l e s s  developed count r ies  prov ide  in fo rmat ion  concerning 

energy needs and circumstances very d i f f e r e n t  from those o f  the  Un i ted  

States. They suggest a new area f o r  app ly ing  e x i s t i n g  technology t o  meet 

small, dispersed p r i m a r i l y  thermal energy needs where simp1 i c i  ty, r e l i a b i l i t y  

and minimum 'cost a re  paramount. They i d e n t i f y  a p o t e n t i a l l y  l a r g e  market 

t o  chalange U. S. i n d u s t r i a l  know how. Also, because o f  t he  l a r g e  number 

o f  l a b o r a t o r i e s  becoming i n v o l  ved i n  c o l  l e c t o r  technology throughout the  

l ess  developed count r ies  the  LDCs prov ide a f u t u r e  resource o f  d i ve rse  

a c t i v i t i e s  from which new and innova t i ve  ideas are  l i k e l y  t o  come. 





VI. REFERENCES 

Antoine Laurent Lavoi s i e r ,  "Premier essa i  du grand verre ardent" 
Memoire de 1'Academie Royale des Sciences, 1782, p 62. 

K. S. Sal a r i ya ,  "Solar Concentrators" Extended Abstracts ,  Vol . 2,  
ISECC 77 International  Solar  Energy Congress, New Delhi, India,  
16-21 January 1978, pp  922-924. 

V .  B .  Veinberg, Optics in Equipment f o r  the  Ut i l i za t ion  of Solar  Energy, 
S t a t e  Publishing House of Defence, Moscow (1959). 

J .  I .  Ye l lo t t ,  "Captain John Ericsson: Pioneer in Solar  Energy" 
The Sun a t  Work in four pa r t s ,  Vol. I ,  No. 3 ,  Sept. 1956, pp  6-13,; 
Vol. I .  No. 4 ,  Dec. 1956, pp  8-14; Vol. 11, No. 1, March 1957, pp 10- 
14 and Vol. 11, No. 2 ,  June 1957, pp  12-15. 

F. Trombe, "Les In s t a l l a t i ons  de Montlouis e t  l e  Four Sola i re  de 1000 kW 
d '0dei  11 o-Font-Romeu" Col loques Internationaux du Centre National de l a  
Recherche Scient i f ique,  No. L X X X V ,  Applications Thermiques de 1 'Energie 
So la i re  dans de Domaine de l a  Recherche e t  de l l I n d u s t r i e ,  Montlouis, 
June 23-28, 1958, pp  87-128, CNRS, Par is ,  1961. 

M. Sadat, Bouzareah Laboratory, Algiers,  October 17, 1977, pr ivate  
communication. 

T.  Sakurai , "Study on the  Solar Furnace Instrumentation in  Tohoku 
Uni versi  ty  ," Proceedings NSF International  Semi,nar on Large Scale 
Solar  Energy Test Faci:l'i t i e s ,  New Mexico S t a t e  University, Las Cruces, 
New Mexico, November 18-19, 1974, pp  67-97. 

F. Trombe and C .  Royere, "CNRS 1000 kW Solar  Furnace" Proceedings NSF 
Internattonal  Seminar on Large Scale Sol a r  Energy Test Faci 1 i t i e s ,  
New Mexico S t a t e  University, Las Cruces, New Mexico, November 18-19, 
1974, 137-186. 

R.-M.  Neunier, "Caracterist iques e t  Objectifs  des Fours Sola i res  du 
Laboratoire Central de llArmement" Rev. In t .  Htes Temper, e t  Refract.  
1973, t. 10, pp  297-302. 

G .  Francia, "University of Genoa Solar  Furnace;" Proceedings NSF 
International  Seminar on Large Scale Solar  Energy Test F a c i l i t i e s ,  
New Mexico S t a t e  University, Las. Cruces, New Mexico, IioQember 18-19, 
1974, pp  99-136. 

J .  D.  Walton, C.  T .  Brown, S. H .  Bomar and N. E. Poulos, "Preliminary 
Results from the Georgia Tech 400 kWth Solar  Thermal Test.  Facil i t y , "  
presented a t  the ISES International  Solar  Energy Congress, New Del h i  , 
India,  16-21 January 1978. 



A. Uenish i ,  Hi tach. i  Research Laboratory,  March 30, 1977, P r i v a t e  . . 
communication. 

N. Nakamura, "So la r  Energy C o l l e c t i n g  Test  Apparatus," In-house paper 
o f  M i t s u b i s h i  Heavy I n d u s t r i e s ,  Ltd., 1976-1977. 

I t 

N. Nakamura, "A.Study on So la r  Tower Power Plant , "  In-house paper of  
M i t s u b i s h i  Heavy I n d u s t r i e s ,  L td. ,  March 1977. . 

3.-L. P e r r i e r ,  '"Capteur S o l a i r e  a Concentrat ion," Revue I n t e r n a t i o n a l e  
d lHe l io techn ique,  2, 1977, pp 54-55. 

T. R. Tracey, F. A. Blake, C. Royere and C. T. Brown, "One MWth So lar  
Cav i t y  Steam Generator So la r  Test  Program," Proceedings of t h e  1977 
Annual Meet ing American Sect ion o f  The I n t e r n a t i o n a l  So la r  Energy 
Society ,  ~ r l a n d o ,  F l o r i d a ,  June 6-10, 1977, Volume I., pp 21-15 through 
21-20. 

"France Feeds a U t i l i t y , "  Business Week, 'McGraw-Hill, October ].I., 
1976, pp 29-30. 

B. D' Utruy ,  D. B lay,  Coeytaux, "The French, C.N.R.S. One Megawatt So la r .  
Power Plant , "  Extended Abs t rac ts ,  Vol . 3, ISEC 77 I n t e r n a t i o n a l  So la r  
Energy Congress, New Del h i ,  I nd ia ,  16-21 January,  1978, pp 1333-1340. 

Programme I n t e r d i s c i p l i n a i r e  de Recherche pour l e  Developpement de 
1 'Ene rg ie  So la i re ,  P.I.R.D.E.S., Rapport d l A c t i v i t e ,  J u i l l e t  1975 - 
Aut 1976, CNRS and A c t i v i t e s  en Cours Au 1 J u i l l e t ,  1977, CNRS. 

H. F. Budd, "Survey o f  Sol a r  Thermodynamic Energy Conversion," 
CNRS, 972 5 t h  Avenue, New York, 1977, pp 7-13. 

M. Rodot, "'l"tie CNKS l n t e r d i  s c i  p l  i nary  ~ e s e a r c h  Program f o r  Sol a r  Energy 
Development," CNRS Research, No. G y  1977, pp 8-14. 

B. F. Au th ie r ,  "Design o f  a S ta t i ona ry  Spher ica l  Co l l ec to r , "  Extended 
Abs t rac ts ,  Volume 2, ISES .77 I n t e r n a t i o n a l  So la r  Energy Congress, 
New De lh i ,  I n d i a ,  16-21 January 1978, pp 1034-1036, 

J. L. Boy Marcot t ,  "Thermosolar P lan t  w i t h  L.inear Focusing," Extended 
Abs t rac ts ,  Volume 3, ISES 77 I n t e r n a t i o n a l  So la r  Energy Congress, 
New Uel h i ,  I nd ia ,  16-21 January 1978, pp 1351-1352. 

T, Noguchi, " P r o j e c t  Sunshinc," Proceedings NSF I n t e r n a t i o n a l  Seminar 
on Large Scale So la r  Energy Test F a c i l i t i e s ,  New Mexico S ta te  U n i v e r s i t y ,  
Las Cruces, New Mexico, November 18-19, 1974, pp 187-216. 

F. de Winter  and J. W. de K i n t e r ,  "Desc r i p t i on  o f  t h e  So la r  Energy R&D 
Programs i n  Many Nations," F ina l  Report, ERDA, Contract  E(04-3)-1122, 
A1 tas  Corp, Santa C l  ara, Cal i f o r n i  a, February 1976, pp 261-270. 



26. H. Gehrke, "10 kW S o l a r  Power P lan t , "  Extended Abs t rac ts ,  Volume 3, 
ISEC 77 I n t e r n a t i o n a l  So la r  Energy Congress, New De lh i ,  I n d i a ,  
16-21 January 1978, pp 1324-1337- 

27. J. Feus t l  and M. Simon, - " E x p l o i t a t i o n  o f  S o l a r  Energy v i a  Modular 
Power P lan t s  and Mu1 t i  p l  e U t i  1 i z a t i o n  o f  Waste Heat," Extended Abs t rac ts ,  
Volume 3, ISEC 77 I n t e r n a t i o n a l  S o l a r  Energy Congress, New D e l h i ,  I n d i a ,  
16-21 January 1978, pp 1305-1308. 

. . 

28. H. K le inwachter ,  . "Parabol i c - M i r r o r  So la r  Concentrator  .(PSK) w i t h  
C a v i t y  L igh t -T rap  and Synchronous Motor-Dr ive o f  t h e  S iderea l  ' ' 

Axis,"  i(LERA, 7850 'Lor rach  (Baden) West Germany, i n  house 
pub1 i c a t i o n ,  1977. 

29. F. de Winter  and J. W. de Winter ,  " D e s c r i p t i o n  o f  t h e  S o l a r  Energy 
R&D .Programs i n    any Natiotis," F i n a l  Report ,  ERDA Con t rac t  E(04-3)-  
1122, A l t a s  Corp, Santa Clara,  C a l i f o r n i a ,  February 1976, pp 165-172. 

30. coopera t ion  Medi ter raneenne Pour. 1 ' Energ ie  S o l a i r e  (coMPLES) , B u l l e t i n ,  
de L i a i son ,  No. 30, Janv ie r  1978, pp 29-34. 

31. Roberto Visent ine' ,  U n i v e r s i t a  Deg l i  S tud i  d e l l a  Ca lab r i a ,  Cosenza, 
I t a l y ,  A p r i l  22, Rome, I t a l y ,  P r i v a t e  communication. 

32. H. F. Budd-, "Survey o f  So la r  Thermodynamic Energy Conversion," CNRS, 
9 7 2 . 5 t h  Avenue, New York, 1977, p 42. I 

33. C. S. Selvage, DFVLR, Cologne, West Germany, May 17, 1978, P r i v a t e  
communication. 

34. coopera t ion  Medi ter raneenne Pour 1 ' Energ ie  Sol a i r e  (COMPLES) , Bul l e t i n  
de L i a i son ,  No. 30, J a n v i e r  1978, pp 29-34. 

35. J. D. Walton, Jr . ,  A. H. Roy and $. H. Bomar, Jr., "A S t a t e  of  t h e  
A r t  Survey o f  S o l a r  Powered I r r i g a t i o n  Pumps, S o l a r  Cookers and Wood 
Burn ing Stoves f o r  Use i n  Sub-Sahara A f r i ca , "  F i n a l  Repor t  f o r  A1 
D i r '  I yyah  I n s t i t u t e  o f  Geneva Swi tzer land ,  Georgia I n s t i t u t e  o f  
Techno1 ogy, January 1978. 

36. H. F. Budd, "Survey o f  So la r  Thermodynamic Energy Conversion," CNRS, 
972 5 t h  Avenue, New York, 1977, p 49. 

37. R. Almanza, A. Diaz, A. Gonzalez and S. Lopez, "1 kW S o l a r  Pump System," 
Proceedings o f  t he  ERDA Conference on Concent ra t ing  C o l l e c t o r s ,  
Georgia I n s t i t u t e  o f '  Technology, 1977, pp 8-47 through 8-53. 

38, I. H. Sakr, D i r e c t o r  So la r  Energy Labora to ry ,  NRC, Dokki, Cai ro ,  
October 25, 1977, P r i v a t e  communication. 



I-' 
m 
-r1 
-4 





ABSORBER SURFACES AND REFLECTIVE MATERIALS - 

S e s s i o n  1, Group 1 

P a t  C a l l  and K e i t h  Masterson,  Leaders  

S o l a r  Energy Research I n s t i t u t e  

Golden, Colorado 80401 

Recognizing t h e  d i v e r s i t y  o f  s u b j e c t  a r e a s  t o  be  d i s c u s s e d  i n  t h i s  

working g roup ,  two s e c t i o n s  were formed. S e c t i o n s  A . &  B addressed  

t h e  Absorber Surf .aces  and R e f l e c t i v e  M a t e r i a l s  r e s p e c t i v e l y .  The 

d i s c u s s i o n  summaries a r e  p r e s e n t e d  below f o r  each s e c t i o n .  

SECTION A: ABSORBER SURFACES 

I n t r o d u c t i o n  

The working group on Absorber S u r f a c e s  d i s c u s s e d  t h r e e  i s s u e s  

l i s t e d  below and t h e  r e s u l t s  a r e  summarized i n  t h e  f o l l o w i n g  

r e p o r t :  

1 )  conimercial a b s o r b e r  s u r f a c e s  f o r  c o n c e n t r a t i n g  

c o l l e c t o r s ;  

2)  d e g r a d a t i o n m e c h a n i s m s  o f  Black Chrome; 

3 )  d u r a b i l i t y  and l i f e t i m e  t e s t i n g  f o r  a b s o r b e r  s u r f a c e s .  



Commercial Absorber Surfaces --.--- 

The demonstrated temperature stability of commercial absorber 

surfaces for concentrating solar collector applications is 

described in Table 1. The most experience has been obtained with 

Black Chrome. Sandia, A1 . has recently produced Black. Chrome 
films under laboratory conditions with improved temperature . 

stability. A technical no'te has been submitted to Plating and 

Surface Finishing which describes the experiments in detail. 

The status of R&D absorber coatings, including the work currently 

funded as part of the Advanced Solar Thermal Technology Absorber 

Surface Program  able 2) , was reviewed. Work on. CUO/A~ ( SIU/U of 

Illinois Urbana-Champaign), cermet development (MIT Lincoln-Labs, 

University of Sidney), and molybdenum films from molten salt 

deposition (Climax) was described. 

~ e ~ r a d a t  ion of Black Chrome -- -- 

Changes in film morphology and film chemistry were posed as 

mechanisms for decreased solar absorptance at operating 

temperatures greater than 300°C. A model. for Black Chrome 

describing the film as an agglomeration of Cr and CrOx'particles 

leads to the proposed thermal degradation mechanism of 

redistribution of the oxide content (U. of Houston). Studies using 

SEM and TEM have indicated that a change in particle size may also 

be involved (LBL). 

Work contracted by SERI at Clarkson College will.study the 

degradation mechanisms of Black Chrome utilizing a 

microgravimetric balance in liaison with optical and surface 

characterization. 



Durability and Lifetime Testing . - . - - - . - - . - - - . - - -- 

The factors irifluencing the durability and.usefu1 lifetime of a 

absorber surfaces are listed in Table 3. The discussion of the 

working group concentrated on the first three issues listed there. 

. . 

Durabilty testing can be used to compare coatings or to predict 

the 1ifetime.of a given coating on the-basi's of a short term . 

experiment. Knowledge of the degradation mechanisms of a'coating 

is essential for the' construct ion of a meaningful accelerated 

lifetime test. No coatings currently are well enough 

characterized..to design such tests and therefore the-discussion 

was directed toward comparative testing. 

Comparative.testing consists of two types: , 

1) Prescreening tests at the research level, and 

2) standarized functional tests based on end use. 

The prescreening.tests should be conducted by the experimenter or 

integrated as' part of a larger program of' eviluat ion and must be 

flexible enough to fit the coat ing or 'intended application. The 

standardized functional tests must .be-designed to allow the user of 

..an-absorber :coating to compare coatings for an application. Such 

a test.may be used by the producer or.the user, measuring the time 

to failure (predetermined criteria) o£ optical properties or 

adhesion.. A strong recbmmendation of the working group was that 

such functional tests be cons tkucted using synergistic 

environments, i.e. high temperature, solar radiation, and moisture 

must be applied in combination rather than in isolation. 



Two classes of environments appear adequate to describe the linear 

focus concentrating systems: the vacuum environment and the humidity 

environment. A proposed functional test which emerged from the 

discussion for each of these environments is described in Table 4. 

.The operating temperature (T) can be assumed to be 300°C for the 

vacuum and 200°C for the humidity environment. The temperature 

difference, AT, which represents the safety margin, is assumed to 

be 100°C. It was pointed out that in the-case of the loss of 

power to a system, the AT margin is not intended to simulate long 

term stagnation. Stagnation temperatures of many concentrating 

collectors are high enough to destroy current commercial selective 

absorber surfaces. E-W tracking single axis collectors are 

protected from overheating conditions more than the N-S single 

axis tracking collectors. The thermal cycling for .the humidity 

environment simulates freezing and thawing. Solar irradiation 

of X10 and humidity equivalent to 90% at 100°F were proposed as 

standard values. The need for a standardized irradiation spectrum 

was emphasized. 



COAT I NG 

TABLE 1 

COMNERC I AL ABSORBER. SURFACES 

(MANY) 285 
SAND I A-ALB , 400(?> 

OCLI >400(?j. - .  

. . 
GE 

TEST 



TABLE 11 

CURRENT ABSORBER SURFACES CONTRAZTS 

1. SELECTIVE ABSORBERS FOR APPLICATIONS > 300" C. 

C M  SEMI -CONDUCTJR/METAL STACKS (U . OF AR I ZONA) 

., 

ACCOMPLI SHMERTS . . 
. , .  . , . .  . .  . 

L / 

AG/Cu0/RH203 METALLO-ORGANIC WITH as = O ; g l  ANJ cT = 0.96 



, % 

current ~lbkokber . . '  : Surfaces . Contracts 
- 

. . . ... , ' .  .. - .  
1 .  

11. ~ i g h ~ e m ~ e r a t u r e  Coatings . . . . .  

.. Optical + :. , .. Properties. . o f  Alloys-Completed (U. of  
. . . .?>< 

, I  ' 

. ~r fz,ona). .  . . , . : . _ .  , . . 
. ' . ,  . , . ' . . _ .  . 

H / ~  .. . h . r . ~ e m ~ e r a t u r e .  I < .  . . . I h Paints . .. . (~xx ,on)  
. ' 

Accomplishments 
-High Temperature Alloys with a, between .8 and .9 
Were ldentified , 

Seven Inorganic Pigments Have Been ldentified 
Which Have .a , .be tween .95 and .98 (not  selective) 
and Appear Stable a t  700° C. 



Current Absorber Surfaces Contracts 

111. Basic Mechanisms 
Morphologies of Absorber Surfaces (U. of 
Houston) 
Optical Pr~~per t ies  of Metals, Metal Partic!les and 
Composites (Cornell) 

a :  Composition Profiling of Solar Coatings (U. of 
Minnesota). \ .  

Accomplishments~ 
Black Chrome Microstructure Characterized 
Mean Field Continuum Model Developed 

Advanced Coatings Have Bleen Analyzed for ANL, 
U . o f  Arizona, etc. 



TABLE I 1 1  

FACTORS INFLUENCING DURABILITY OF COATINGS 

1 .  S o l a r  Rad ia t i on  

To ta l  So la r  Spectrum 
UV Band 

. . 
2. Temperature 

Normal. Opera t ion  
No-f law Cond i t ions  
Cycl i ng 

3. Water 

Humid i t y  
Condensation 
R a i n f a l l  

4. Atmospheric Contaminants 

Oxygen 
NOx 
Ozone 

sox 

5 .  Dust 

6 .  Contaminat ion from o t h e r  system 
components HC1, C12 f rom gaskets 
and g laz ings :  

7. System Compati b i  l'i t y  

~ h e r m a l  expansion 
Outgassing '. 

TABLE I V  
.a 

VACUUM ENVIRONMENT 

a. So la r  r a d i a t i o n  (x10)  + h i g h  temperature (T + h~ = 400°C) 

b. .Thermal c y c l i n g  (-20°C t o  T + AT = 400°C, 2 h r  p e r i o d )  
t 1 

HUMIDITY ENVIRONMENT 
a :  

a.  So la r  r a d i a t i o n .  (x10)  + l;ulniditY (90% RH a1 100°F) 
+ h i g h  temperature (T  + AT = 300°C) 

b. Thermal c y c l i n g  (-20°C t o  T + AT = 300°C, 2 h r  p e r i o d )  



SECTION B : REFLECTIVE. MATERIALS 

Two g e n e r a l  a r e a s  o f  concern  were a d d r e s s e d ,  namely r e f l e c t o r  

s p e c u l a r i t y  and l i f e  t e s t i n g l d e g r a d a t i o n .  The f o l l o w i n g  r e p o r t s  

t h e  d i s c u s s i o n  i n  e a c h  a r e a .  

Ref l e c t o r  S p e c u l a r i t y  

The u s e  o f  a b i d i r e c t i o n a l  r e f l e c t a n c e  d i s t r i b u t i o n  f u n c t i o n  i s  t o o  

complex f o r  most  u s e r s  and t o o  e x p e n s i v e  t o  implement f o r  t h e  

luajor:ity 01 Llle i 1 1 J u s ~ ~ i a 1  ' c u u u ~ ~ u l ~ i ~ ~ .  

The r e l e c t a n c e  f u n c t i o n s .  d e f i n e d  by R.B. P e t t i t  (SAND 76 0537) 

and B.L. B u t l e r  and R.B. P e t t i t  (SPIE Vol. 1 1 4 ,  O p t i c s  Appl ied  

To S o l a r  Energy,  1977)  d e f i n e s  t h e  s u r f a c e ' s  o p t i c a l  p r o p e r t i e s  -- 
by a  sun  of normal d i s t r i b u t i o n s  h a v i n g  s t a n d a r d  d e v i a t i o n s  t h a t  

c h a r a c t e r i z e  t h e  amont of s c a t t e r i n g  from t h e  s u r f a c e  and 

i n t e r g r a t e d  a r e a s  e q u a l  t o  t h e  d i r e c t i o n a l - h e m i s p h e r i c a l  r e f l e c t -  

ance .  I n  p r a c t i c e  one o r  two terms a r e  a l l  t h a t  a r e  r e q u i r e d  f o r  

c h a r a c t e r i z a t i o n .  Some p a r t i c i p a n t s  from i n d u s t r y  i n d i c a t e d  t h a t  

t h e s e  measurements r e q u i r e m e n t s  were a l s o  t o o  demanding and expen- 

s i v e  t o  implement a t  t h e i r  l e v e l .  

A t  t h e  i n d u s t r i a l  level ,  a  s i m p l e  i n s t r u m e n t  t h a t  would be adopted 

a s  a  s t a n d a r d  and p r o v i d e  a r e f l e c t a n c e  d i s t r i b u t i o n  was 

s u g g e s t e d .  Some d i s c u s s i o n  a s  t o  t h e  a p p r o p r i a t e n e s s  of  t h i s  

approach r e v e a l e d  t h a t  t h e  mean ingfu l  d a t a  i s  c o n t a i n e d  i n  t h e  

wings o f  t h e  r e f l e c t a n c e  p r o f i l e  and hence  i s  ex t remely  s e n s i t i v e  

t o .  i n s t r u m e n t  p a r a m e t e r s .  Use of  such an i n s t r u m e n t  i n  an  

i n d u s t r i a l  environment  may n o t  y i e l d  r e l i a b l e  r e s u l t s .  

Sample c u r v a t u r e  i s  ex t remely  d i f f i c u l t  t o  s e p a r a t e  from s u r f a c e  

s c a t t e r i n g  e f f e c t s  i n  t h e  r e f l e c t a n c e  d i s t r i b u t i o n .  P robab ly  t h e  

o n l y  s u i t a b l e  way o f  performing t h i s  s e p a r a t i o n  i s  by u s i n g  



techniques of Fourier Transform optics. This should be explored 

more fully. 

The instrumentation that was desired by collector manufacturers 

should be inexpensive and simple to operate. The increasing use 

and declining price of microprocessors would seem to justify their 

inclusion into the measuring equipment. They could remove some of 

the operator and data handling errors associated with the 

characterization. It was recommended that DOE fund,the initial 

development of such an instrument through one of the laboratories 

and that production be ''licensed to. industry. The effect of wave- 

l'ength on the scattering function is quite well known and so a 

monochromatic device would probably be adequate, especially if 

adopted as a standard. 

Life Festing/Degradation - P . 

Less time was, spent on this topic. Nevertheless, several 

mechanisms for ddgradation were identified. Thermal cycling and 

stresses associated with different coefficients of thermal 

expansion were identified with a large number of concentrator 

failures. 
\ 

Effects of moisture, especially coupled with marine salt 'or 

alkaline dust, was identified as causing rapid degradation in 

surface optical properties. 

Tests to characterize durability should also include the effects 

of spillage of heat transfer fluid on the optical surfaces. Also 

important is the effect of galvanic corrosion that may take place 

due to the interaction of the reflector material. and the mounting 

structure. Hence, lifetime or weatherometer tests should be 

carried out with reflector materials in sample mountings. 



There was l i m i t e d  confidence by t h e  p a r t i c i p a n t s  t h a t  r e s u l t s  of 

a c c e l e r a t e d  t e s t i n g  could be used t o  adequately p r e d i c t  f i e l d  

l i f e .  . . 

Degradation r a t e s  determined i n  c a r e f u l l y  c o n t r o l l e d  experiments 

t h a t  f i x  a l l  bu t  one environmental parameter may change 

cons iderably  under s y n e r g i s t i c  e f f e c t s  of simultaneous exposure t o  

s e v e r a l  degrading environments.  Some mechanism may involve 

f a i l u r e  t h re sho lds  t h a t  acce1erate.d t e s t i n g  exceeds. 

Rates  a c c e i e r a t e d  by a f a c t o r - g r e a t e r  than 2 o r  4 become suspec t  

f o r  long- t e r m  p r e d i c t  ion. 

Some of the"  present  t e s t i n g  such a s  thermal cyc l ing  between -2g°C 

and +52"C wi th ,  8 h r  cyc l e s  was c r i t i c i z e d  as being too  severe .  
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MECHANICAL-STRUCTURAL ANALYSIS AND DESIGN CONSIDERATIONS - --- - ..-- -- --- -- 

Sess ion  1, Group 2  

M .  W. F rohard t ,  Leader 

Mart in  Mar i e t t a  Aerospace Div is ion  

Denver, Colorado 80201 

In t roduc t ion  ' 

The agenda f o r  t h e  workshop was d iscussed  and i t  was gene ra l ly  

agreed t o  use  t h e  handout a s  a  guide. Each a t t endee  i d e n t i f i e d  

himself  with a  d e s c r i p t i o n  of h i s  i n t e r e s t s  i n  r e l a t i o n  t o  t he  

workshop. The o b j e c t i v e  s e t  f o r  t h i s  s e s s ion  was t o  determine t h e  

technologica l  b a r r i e r s  t h a t  e x i s t  and t o  i d e n t i f y  a r eas  needing 

b a s i c  and appl ied  research .  The se s s ion  l imi t ed  i t s  

cons ide ra t ions  t o  concent ra t ing  c o l l e c t o r  technology app l i cab le  t o  

s o l a r  hea t ing  and cool ing ,  process  h e a t ,  e l e c t r i c a l  genera t ion  and 

pho tovo l t a i c s .  

Review of Concentrat ing Co l l ec to r  Technology -- - 

In  a d d i t i o n  t o  t h e  concent ra t ing  ' co l l ec to r  technology d iscussed  i.n 

t h e  i n v i t e d  papers dur ing  t h e  symposium, s e v e r a l  o t h e r  programs 

and technologies  were t o  t h i s  working group: 

1 .  The M i s s i s s i p p i  Cohnty Community College design uses  a  

set  of f l a t  p l a t e s  i.over.ed wi th  a f res r le l  r e f l e c t o r  

s t r i p  ( 3 ~  Co.) o f  about 100 Mils th ickness  t o  s imula te  a  

pa rabo l i c  trough. A t  t he  l i n e  focus ,  approximately 288 

photovol ta ic  c e l l  pane ls  produce a  peak output  of about 

1 We.  The one-axis tracking;one-axis o r i e n t a t i o n  



produces a  2011 concen t r a t i on  r a t i o .  Act ive coo l i ng  is  

provided us ing  a  wa te r /g lyco l  mixture .  The pho toce l l  

c o s t  is  approximately $3.50 pe r  peak w a t t ,  wi th  a  c e l l  

e f f i c i e n c y  between 12.5% and 14%, a t  an ope ra t i ng  

tempera ture  of 55°C. 

A c o n c e n t r a t i n g  c o l l e c t o r  manufactured by SUN TRAC f o r  

p h o t o v o l t a i c  a p p l i c a t i o n  i s  p r e s e n t l y  undergoing t e s t i n g  

by Sandia  Labora to r i e s .  The c e l l s  r e q u i r e  pass ive  

coo l ing  and a r e  p r e s e n t l y  ope ra t i ng  a t  about 14 1/2X 
' 

e f f i c i e n c y .  The des ign  inco rpo ra t e s  a  ma t r ix  of cone- 

shaped c o l l e c t o r s  wi th  t h e  c e l l s  a t  t h e  base ,  below a  

thin d i f f u s e r  p l a t e .  To da t e ,n ine t een  u n i t s  havc bccn 

manufactured, wi th  a  presen t  system c o s t  of $10 pe r  

w a t t .  The most expensive p a r t  of  t h e  enc losed  u n i t  i s  

t h e  cover  bubble.  A r e a l i s t i c  bubble l i f e  i s  considered 

t o  be about  t h r e e  t o  f i v e  yea r s .  

3. Other  Types of C o l l e c t o r s  

The p o s s i b i l i t y . o f  r ev iv ing  a  concept f i r s t  developed i n  

1913 where t h e  pa rabo l i c  trough r e s t s  on a  f l a t  s u r f a c e  , 

and i s  moved by an a t t ached  p ivot  arm was d i scussed .  

The r e c e i v e r  i s  a  bas i c . cone  s h a p e .  In 1960 Boeing 

r ev ived  t h e  i dea  us ing  an i n f l a t e d ' c o v e r  t o  p r o t e c t  t h e  

m i r r o r  s u r f a c e .  

A wagonwheel design where the trough collecLor can be 
r o t a t e d  on suppor t  r o l l e r s  t o  provide s ing l e - ax i s  

t r a c k i n g ,  thereby e l imina t ing  t h e  need f o r  f l e x  hoses  o r  

s l i p  j o i n t s ,  was d i scussed .  



Rol l ing  type  s t r u c t u r e s  were considered but  i t  was 

decided t h a t  they a r e  t oo  expensive and t h e r e f o r e  not 

compet i t ive .  

Technology Problems 

A group discu"ssion brought ou t  t h e  problem a r e a s  l i s t e d  below: 

1. Problem of  us ing  i n f l a t a b l e  covers  with high-temperature 

systems (<1700°F). Presen t ly  environmental degrada t ion  

of  dome i s  not  a  problem. The problem o f  wind loads  vs 

s andb la s t i ng  damage t o  dome i n  terms of r equ i r ed  

s t i f f n e s s  was mentioned. 
< 

2 .  Co l l ec to r  des ign  problems were descr ibed  i n  terms of 

microwave antenna technology,  no tab ly  t h e  use of  

e l l i p t i c a l  shaping f o r  r e c e i v e r  s t r u t s  t o  minimize 

shading.  

3 .  The gus t ing  problem was d i scussed  i n  terms of  i t s  e f f e c t  

on windmill  des9gn, no tab ly  t h e  need t o  cons ider  

complete r e v e r s a l  of  flow cond i t i ons .  

4 .  There may be an over-design i n  many c o l l e c t o r  subsystems 

i . e . ,  t oo  many s a f e t y  margins app l i ed  a t  t o o  many l e v e l s  

o f  des ign  review. 

5 .  It was mentioned t h a t  A&E f i rms e s t i m a t e  t h a t  over- 

de s ign  r e s u l t s  i n  about a  15% i n c r e a s e  i n  t o t a l  c o s t .  

Vortex shedding could be  a  problem, and t h e r e  i s  a  need 

t o  cons ider  edge e f f e c t  ve r sus  middle-of-f ie ld  e f f e c t  i n  

des ign ing  c o l l e c t o r  suppor t s .  Hai l  des ign  a l t e r n a t i v e s  

i . e . ,  whether t o  des ign  c o l l e c t o r s  t o  wi ths tand  314 - i nch  



diameter hailstones, or to go to a stow position (like 

European designs) were discussed. 

6. Statement was made that it would be possible to reduce 

costs by providing site-specific designs i.e., natural 

wind barriers and site environmental data. 

7. A question was asked about the effect of hailstone 

"dimpling" on collector performance. . It was stated that 

the flux distribution resulting from "dimpling" i.s not 

known. 

8. The problem of designing to withstand multiple load 

conditions was addressed with emphasis on specifying a 

colubined loading effect. 

9 .  The problem of forming glass/mirror was discussed and 

related to sagged glass method. Air sag (free form) is 

used for semi-accurate production, like windshields. 

More precise techniques use a vacuum form with a male or 

female mandril, with preference for the male based on 

thermal stress considerations. 

10. Concern was expressed that gaskets and seals may be a 

problem. 

11. The need for caution in developing design standards so 

carly that they may ~ e s u l L  i u  unnecessary coses was 

expressed. 

12. The need to involve utilities and other user 

organizations in setting design requirements, and 'the 

possible development of a design practices handbook was 

discussed. 



1 3 .  The need f o r  a  C o l l e c t o r  Performance S imula t ion  Workshop 

t o  address  problems of  normalizing o r  s t anda rd i z ing  

system performance was d i scussed .  

14. The use of cheap ($100/ ton)  ceramic m a t e r i a l s  f o r  s o l a r  

' a p p l i c a t i o n s ,  a s  we l l  a s  t h e  investment requirement f o r  

manufacturing f a c i l i t i e s  was mentioned. 

Summary of Major Problem Areas - - 
. - 

The problems d iscussed  were s epa ra t ed  i n t o  two c a t e g o r i e s  t o  

i d e n t i f y  those  t h a t  t h e  group cons idered  major problems a r e a s  and 

those  t h a t  were considered l e s s  urgent .  

1. Major Problem Areas: 

Gust ing,  v o r t e x  shedding,.  edge vs c e n t e r  f i e l d  

e f f e c t ,  windbreak u t i l i z a t i o n ,  p r e s su re  

d i f f e r e n t i a l :  

b) Hai l  e f f e c t s  

Requirement f o r  wi ths tanding  t h e  h a i l  impact 

i n  t h e  stowed p o s i t i o n  r a t h e r  than  ope ra t i ng  

p o s i t  ion. 

c )  Curved c o l l e c t o r  f a b r i c a t i o n  methods 

Sag g l a s s  method i s  not  accu ra t e  enough. 



d )  Seals, gaskets and equipment design support. 

e) Simulation workshop . . 

Standardize performance and analysis codes. 

£1 ~evelo~ment of manufacturing facilities for 

mirrors, fresnel lens, ceramics and other materials 

used. 

2 ,  Secondary Areas: 

a) Definition sf e~iviruumeu~al load combinarions. 

b) Standards development for spectral reflectivity, 

black coatings, environments and blockage. 

c) Definition of userlutility interface. 

d) Development of a design practices handbook and 

standard terminology. 
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MATERIALS - FLUID COMPATIBILITY ---- - 

Session 1, Group 3 

St even Pohlman, Leader 

Solar Energy Research Institute 

Golden, Colorado 80401 

Introduction 

The main objective of the discussion group was to identify the 

major materials-fluid compatibility problems that exist in thermal 

power solar energy systems and to outline the problem,areas that 

should be investigated to insure reliability of the various 

systems. The discussion'was divided into the following areas: 

1). Thermal conversion, including flat plate collectors, 

line focusing receiver systems, power tower (STTF) and 

advanced receiver designs. 

2) Reflector durability, including protective coatings, 

sealants, and mirrored surface degradation. ' 

3) Thermal storage systems, including sensible heat 

storage, latent and chemical heat storage. 

4) Structural degradation. 

The list of problems may not be complete, but does represent a 

fairly comprehensive overview of the compatibility problems 

expected in thermal conversion solar energy systems. 



Thermal Conversion 

1. General  c o r r o s i o n  of  f l a t  p l a t e  c o l l e c t o r s  ( A l ,  Cu, Fe) 

i s  a  s e r i o u s  problem. Development of an inexpensive 

s o l u t i o n ,  inc lud ing  l i n e  monitor ing systems, i n h i b i t o r  

e v a l u a t i o n ,  and inexpensive coa t ings  development should 

be  sought .  

2.. Local ized  a t t a c k  of  space h e a t i n g  systems a r e  caused by 

a )  heavy meta l  and C1-c'ontamination of t h e  hea t  t r a n s f e r  

f l u i d ,  b) p r e s e n c e . o t  c r e v i c e s  and s t agnan t  a r e a s ,  and 

c )  poor system ,evaluating and design cnnsiderat inns. 

3 .  Environmental and mechanical i n t e r a c t i o n s ,  inc lud ing  

corrosion f a t i g u e ,  s t r e s s  co r ros ion  c rack ing ,  temper 

embr i t t l emen t ,  s e n s i t i z a t i o n ,  c r eep ,  and f r e t t i n g  

f a t i g u e ,  a c c e l e r a t e d  by t h e  c y c l i c  temperature  na tu re  of 

s o l a r  r e c e i v e r s  i n  t h e  presence of a i r ,  water., Na, NaK, 

molten s a l t s  and h igh  temperature  gases  a r e  important .  

(Th i s  a l s o  inc ludes  chemical changes caused by t h e  

c y c l i c  AT l ead ing  t o  p o t e n t i a l  g r a i n  boundary c rack ing  

o r  l o c a l i z e d  a t t a c k  of t h e  hea.t exchanger m a t e r i a l s . )  

4.  Cyc l i c  breakdown of  p r o t e c t i v e  f i l m s ,  n a t u r a l  a s  we l l  a s  

man-made, a r e  caused by i n t e r a c t i o n  w i t h . t h e  environment 

and l a r g e  c y c l i c  AT. This  inc ludes  advanced re 'ceiver  

f l u i d s  ( e . g .  Na, NaK, e t c . ) .  The i r  effec:t .  on t h e  

i a t t l - i ~ a l  w a l l s  J e P l e ~ i u u  ul: elements  and placing our an 

cooled s u r f a c e s  was mentioned, 

5. P r o t e c t i v e  schemes f o r  h igh  temperature  and/or  h igh  

p r e s s u r e  power gene ra t i ng  systems a r e  needed. 

Eva lua t ion  of  i n h i b i t o r s  and development of new ones,  

monitor ing systems,  d i r e c t e d  r e sea rch  on p i l o t  p l a n t s ,  



pulsating cathodic/anodic protection, water chemistry 

control, and any combination of the above should Le 

pursued. 

. , - .  

6 .  General corrosion attack of high temperature and/or 

pressure systems, involving various heat transfer fluids 

(i.e., water, Na, molten salt, gas, air).'and their 

general effect on the various forms of corrosion (i.e. 

galvanic, crevice, erosion, wastage, H2 embrittlement, 

SCC, mass transfer, intergranular attack, caustic 

cracking) was discussed. 

7. Chemical contamination or degradation of heat transfer 

fluids is caused by the environment and'its effect on 

the container materials (e.g. creation of organic acid 

caused by breakdown of synthetic oil) can be serious. 

8. . An evaluation of start-up/shut-down procedures and their 

applications to solar.energy systems, including cleaning 

procedures, possible residue effects, 02 ingress and 

changes in water chemistry, should be undertaken.. 

9. Stability of the heat transfer fluid is an important 

research topic. This includes the development of 

inexpensive high temperature synthetic fluids that 

resist degradation and will maintain their heat transfer 

properties. 
. . 

Reflector Durability 

1. CulupaLitility of the protcctivc outcide coating (gl.ass 

and organic polymers) with respect to leaching by 

natural environments (alkali dust plus water), cleaning 

solutions or contaminants from leakage in the receiver 



tubes should be studied. Possible degradation of glass 

coatings occur by an ion exchange mechanism with the 

above solutions. Abrasion and corrosion/erosion 

resistance,, mechanical stabilty and permeation 

resistance to aggressive fluids or vapors, resistance to 

U.V. degradation, and compliance o f  optical properties 

are important. 

2. General heliostat corrosion caused by non-protective 

edge seals, adhsai.ve outgassing, crevice concentrakic>ns, 

windlsand erosion, and £reezing/thawing cycles of ~ealed 

areas, and d ~ l a m i n a t i - o n  caucod by corrosion p ~ u d u c ~  

wedging-can cause problems. ! 

3. Chemical resistance of the mirrored surface needs to be 

improved by alloying or protective techniques. 

Thermal Storage 

The following topics deserve attention: 

1. Sensible heat storage - heat fluid interaction w i t h  

storage mass (e.g. rocks) and its interaction with the 

container materials (250-900~~) - general corrosion 

problems. 

2. Latent heat storage-material compatibility (molten 

salts, Iluurides, chlorides, carbonates) with container 

material (800-1200°C) - general corrosion problems, 

3. Reversible chemical reactions - high temperature 
metal/gas react ions and possible format ion of acidified 

solutions such as H2S04. 



S t r u c t u r a l  Degrada t ion  

The f o l l o w i n g  a r e  p o t e n t i a l  problems: 

1. Genera l  c o r r o s i o n  o f  s t r u c t u r a l  members. 

2 .  R e l i a b i l i t y  o f  s e a l s .  

3 .  Genera l  p r o t e c t i o n  of  mechanical  and e l e c t r i c a l  

components . 

Conclus ion 

1. It was t h e  g e n e r a l  concern  o f  t h e  a t t e n d e e s  t h a t  no t  

enough i n f o r m a t i o n  i s  b e i n g  g e n e r a t e d  t o  s o l v e  t h e  

u n i q u e  problems t h a t  e x i s t  i n  s o l a r  energy power 

sys tems .  It was f e l t  t h a t  a  c o n c e n t r a t e d  e f f o r t  shou ld  

b e  made t o  g a t h e r  p e r t i n e n t  i n f o r m a t i o n  from e x i s t i n g  

t echno logy  and t h e n  supplement t h i s  e x i s t i n g  technology 

w i t h  new r e s e a r c h  t h a t  would t a k e  i n t o  accoun t  t h e  

un ique  pa ramete r s  e x p e r i e n c e d  i n  s o l a r  energy systems . 

( e . g .  c y c l i c  A T ) .  

2 .  S t a n d a r d s  a r e  r e q u i r e d  t h a t  can  d e s c r i b e  s o l a r  energy 

m a t e r i a l  r e q u i r e m e n t s .  

3 .  E v a l u a t i o n  and c o r r e l a t i o n  o f  a c c e l e r a t e d  t e s t i n g  i s  

needed.  

4 .  D e t e r m i n a t i o n  o f  c r i t i c a l  pa ramete r s  un ique  t o  s o l a r  

energy systems and t h e i r  impact on s e r v i c e  and 

r e l i a b i l i t y  i s  n e c e s s a r y .  



5.  An o r g a n i z a t i o n  such a s  SERI needs t o  t a k e  t h e  lead  r o l e  

i n  developing a uniform r e p o r t i n g  technique t h a t  should 

t hen  be used by a l l  l abora to , r ies  and provide an 

informat  i o n ' r e t r i e v a l  system unique t o  s o l a r .  
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PERFORMANCE STANDARDS DEVELOPMENT FOR CONCENTRATING COLLECTORS - -- .- 

Session 1, Group 4 

ByaVd D. Wood, Leader 

Mechanical Engineering Department 

Arizona St ate University 

Tempe, Arizona 85281 

~ntroduct ion 

A standard exists when an agreement has been obtained on its 

content. The level of agreement ranges from a small group of 

interested parties to national or international standards which 

have been developed through the consensus process. An excellent 

overview of a standard is presented by the National Bureau of 

Standards in Ref. 1. This publication summarizes the types of 

standards, the development of standards, the building regulatory 

process, solar standards development, solar standard 

implementation, and further recommendations for standard 

development and implementation. While this publication was 

prepared for solar heating and cooling applications, it has . . 
general. appl.i.c.ahil.ity to al,l, solar applications, 

The purpose of this workshop was to determine the status of 

performance standards thathave been developed or which should be 

developed for concentrating collectors. It is recognized that 

there is a distinction between testing to characterize the 

performance of the collector as opposed to testing for rating or 

certifying the performance of a collector relative to another 

collector. Also there are durability and reliability standards 

which relate to the long term effects on the performance of 



c o l l e c t o r s .  This  workshop d e a l t  only wi th  t h e  performance 

s t anda rds  f o r  determining t h e  thermal andlor  e l e c t r i c a l *  

performance of a  concen t r a t ing  c o l l e c t o r .  

The workshop d i scuss ions  included many a spec t s  of t e s t i n g  

c o n c e n t r a t o r s ,  bu t  emphasized the  fol lowing:  

1. Environmental s e n s i t i v i t y  of t he  c o l l e c t o r  module t o  

ambient temperature,  wind speed and d i r e c t i o n ,  t i l t  

ang le  and t h e  amount of d i f f u s e  s o l a r  i r r a d i a t i o n .  

2 .  The temperature range of a  p a r t i c u l a r  c o l l e c t o r  absorber  

design.  

3 .  The minimum s o l a r  i r r a d i a t i o n  l e v e l  allowed f o r  a g iven  

t e s t .  

4 .  The r e p o r t i n g  format f o r  t h e  t e s t  da t a .  

5 .  Tracking e r r o r s  and concent ra tor  s lope  e r r o r s .  

6 .  Concentrator  o p t i c s .  

7 .. Absorber o p t i c s .  

8 .  ' Reference t e s t  cond i t i ons ,  i . e .  , minimum i n s o l a t  ion,  

maximum amount of d i f f u s e  r a d i a t i o n ,  a  maximum 

temperature f o r  t c o t ,  c t c .  

* Even though t h e  conference emphasized thermal c o l l e c t o r s  t h e r e  was 
s u f f i c i e n t  i n t e r e s t  i n  photovol ta ic  c o l l e c t o r s  t h a t  t h e  d i scuss ions  
included a s p e c t s  app ropr i a t e  t o  both. 



9.  C l a s s i f i c a t i o n  of concen t r a to r s :  non-tracking, l i n e a r  

focus ,  point  focus ,  and c e n t r a l  r e c e i v e r .  

Previous Workshops on Concentrat ing C o l l e c t o r s  - 

I n  September 1977, ERDA (DOE) sponsored a  conference on 

concen t r a t i ng  s o l a r  c o l l e c t o r s  ( 2 ) .  This  conference included a  

workshop on t e s t  Zng and s tandards  conducted by D r .  James E .  H i l l  

of  t h e  Nat iona l  B.ureau of Standards.  Severa l  reco~lunendat ions  came 

from t h i s  workshop. 

k . . r  ^ D O E  should publ i sh  information on ( a )  who is o r  has  

t e s t e d  concen t r a t i ng  c o l l e c t o r s ,  ( b )  what f a c i l i t i e s  

e x i s t  f o r  such t e s t s ,  and ( c )  what t e s t  procedures a r e  

c u r r e n t l y  being used;  

DOE should organize  a  formal working group c o n s i s t i n g  of  

t hose  who a r e  a c t u a l l y  involved wi th  t e s t i n g  

concen t r a t i ng  c o l l e c t o r s .  The group should be expected 
/ 

t o  develop s p e c i f i c  recommendations f o r  t h e  adopt ion of 

a  s tandard  thermal t e s t  method f o r  concen t r a to r s .  

S p e c i f i c  t e c h n i c a l  a r e a s  t o  be addressed by t h i s  working 

group a r e :  ( a )  how t o  handle  m u l t i - d i r e c t i o n a l  e f f e c t s  

o f  incidence angle  modi f ie r ,  ( b )  how t o  handle  t h e  way 

i n  which concent ra tor '  e f f i c i e n c y  v a r i e s  wi th  change i n  

: the percentage of d i f f u s e d  o r  s c a t t e r e d  r a d i a t i o n ,  ( c )  

t.he c o r r e c t  way t o  measure t h e  inc idence  s o l a r  r a d i a t i o n  

ont.0 a  concen t r a to r ,  ( d )  determine t h e  a p p l i c a b i l i t y  of 

ASHRAE Standard 93-77, and (e )  should s e p a r a t e  t e s t s  be 

r equ i r ed  t o  measure t h e  o p t i c a l  p r o p e r t i e s  of t h e  

r e f l e c t o r  and absorber .  



Arizona State University hosted a photovoltaic concentrator 

systems workshop May 24-26, 1977 ( 3 ) .  This workshop, sponsored by 

DOE through Sandia Laboratories, included a workshop on array and 

component testing for photovoltaic concentrator systems. The 

emphasis of the discussions was on identification of the 

availability and the inadequacy of test measurement standards, 

test equipment and instrumentation and test results. The topic 

which received the most attention at this workshop was solar cell 

performance testing. The discussions centered on the availabilty 

and ad~quacy of cell measurements, standards and definitions. The 

overall ~o~~i.li!~ion of tile ~es6fng workil~g group was that a grcat 

deal needs to be done in the area of test standards and P I - O G ~ ~ I I P P S  

generation. This is true for both performance and environmental 

testing at all hardware levels. It was recommended that an 

organization be assigned the responsibiltiy and granted the 

funding to start work immediately on developing test standards aud 

procedures. 

Existing Standards For Testing Solar Collectors - 

The American Society of Heating, R~frigcratin~ aud Air- 

Conditioning Engineers has published ASHRAE Standard 9  3-77 which 

i s  a rnnsarloun .-tarrdard for delemining the thermal performance of 

solar collectors. It is primarily for collectors which are 

designed for use in solar heating and cooling systems fgr 

buildings. While ASHRAE 93-77 clearly staLes that it is 

applicable for concentrating as well. as flat plate collectors, it 

should be noted t h a t  thc t e i l ~ ~ l i t r a l  .data bast lor developing the 

standard was priuarily performance data for flat p l a t e  collectoxs. 

Very little concentr'ator performance test data were available at 



the time ASHRAE 93-77 was developed. This performance standard 

i n r l y d ~ s  three t.ests: 

1. Collector time constant test. The time constant of the 

collector is important in determining the time rate of 

response of the collector to a change in either 

environmental or thermal input conditions. Also, the 

length of the thermal performance test is dictated by 

the time constant. 

2. Near normal incidence instantaneous efficiency test. 

The collector is maintained at quasi-s teady state 

conditions at near normal solar irradiation for at least 

5 minutes or one time constant, whichever is greater. 

The test data are then used to plot the measured 

efficiency vs. a parameter which is the difference 

between the collector inlet temperature and ambient 

temperature divided by the total solar irradiation as 

shown in Fig. 1. This curve characterizes the collector 

in terms of its near normal incident optics and its.heat 

loss characteristics ( 4 ) .  An additional test is needed 

to determine what happens when the collector is operated 

at solar irradiation incident angles other than near 

normal. 

3. Incident angle modifier'test. Instantaneous efficiency 

tests are c-onducted for the collector such that the 

inlet fluid temperature is approximately equal to 

ambient, thereby holding the heat loss term to a minimum 

and measuring the thermal performance for several 

incident angles which can then be used in conjunction 

with the near normal incidence test to calculate an all 

day thermal performance of a given collector. 



Severa l  major problems have been i d e n t i f i e d  f o r  t h i s  performance 

s tandard .  C o l l e c t o r s  which do not have o p t i c a l  symmetry may have 

a  m u l t i - d i r e c t i o n a l  i nc iden t  angle  modi f ie r .  The t e s t  i s  based on 

t h e  Hot te l -Whi l l ie r -Bl i ss  c o l l e c t o r  model (5), which assumes t h a t  

t h e  hea t  l o s s  c o e f f i c i e n t  f o r  t he  c o l l e c t o r  i s  independent of 

temperature.  Howevez; t h i s  i s  not t h e  case  and because of t h i s  t he  

t e s t  r e s u l t s  can have cons iderable  s c a t t e r  a t  t h e  h igher  va lues  of 

(Tf i  - T , ) / I ~ .  The a p p l i c a b i l i t y  of t h i s  s tandard  t o  concent ra t ing  

s t anda rds  i s  not  f u l l y  understood a t  t h i s  t ime, p a r t i c u l a r l y  i n  

be ing  a b l e  t o  p r e d i c t  a l l  day per£ormance based upon the 

iascancanesus test i n  c o n j u n c t ~ o n  with the  inc iden t  angle  modif ier  

t e s t .  Moreover, t h i s  s tandard  dnes nnt address t h e  problems of 

t r a c k i n g  e r r o r  o r  s lope  e r r o r s  a s soc i a t ed  wi th  t h e  concen t r a to r s ,  

nor  does i t  s e p a r a t e  out  t h e  absorber  c h a r a c t e r i s t i c s  from t h e  

concen t r a to r  c h a r a c t e r i s t i c s .  

S p e c i f i c  Po in t s  - of Discussion 

P a r t i c i p a n t s  i n  t h e  workshop were i n v i t e d  t o  make b r i e f  

p r e s e n t a t i o n s  d e s c r i b i n g  t h e i r  concerns and t h e i r  recommendations 

f o r  a  consensus s tandard  f o r  t e s t i n g  concen ' t ra t ing c o l l e c t o r s .  

A r i  Rabl, SERI -- - 

1. Use ne t  a p e r t u r e  a r e a  as t h e  b a s i s  f o r  a l l  measurements 

and a s  a  b a s i s  f o r  c o s t  e s t ima te s .  It is e a s i e r  t o  

measure and d e f i n e  a p e r t u r e  a r e a  than  it is t o  de f ine  o r  
( 

measure grooo a r e a  because many c o l l e c t o r s  inc lude  

mounting b racke t s  and support arms i n  a  way t h a t  i t  

makes i t  d i f f i c u l t  t o  d e f i n e  t h e  g ros s  a r ea .  

2 .  The concen t r a t ion  r a t i o  should always be def ined  a s  t he  

r a t i o  of t h e  a p e r t u r e  a r ea  t o  t h e  r e c e i v e r  su r f ace  a rea .  



The energy c o l l e c t e d  and t h e  thermal l o s s e s  should be 

.I r epo r t ed  i n  terms of watts/m2 o f  ape r tu re  a r ea .  

. 
3 .  Heat l o s s  t e s t s  should be conducted a t  n igh t .  This  

g i v e s  a  conserva t ive  des ign  c r i t e r i a  s i n c e  t h e  measured 

h e a t  l o s s  c o e f f i c i e n t  a t  n igh t  w i l l  be somewhat g r e a t e r  

t han  t h e  hea t  l o s s  c o e f f i c i e n t  dur ing  t h e  daytime. 

4 .  Direc t  beam r a d i a t i o n  measured wi th  a  pyrhel iometer  

should be used f o r  concen t r a t i on  r a t i o s  g r e a t e r  t han  two 

and t h e  t o t a l  hemispher ica l  s o l a r  i r r a d i a t i o n  measured 

wi th  a  pyranometer should be used f o r  those  

concen t r a to r s  which have a  concen t r a t i hn  r a t i o  l e s s  than 

two. This  approach minimizes s c a t t e r  due t o  atmospheric 

haze which e x i s t s  a t  many t e s t  f a c i l i t i e s .  

5 .  Op t i ca l  e f f i c i e n c y  t e s t s  should be made when t h e  

r e c e i v e r  su r f ace  temperature  i s  equa l  t o  t h e  ambient 

temperature  and t h e r e  a r e  no h e a t  l o s s e s  from t h e  

absorber .  

6 .  The average a l l  day o p t i c a l  e f f i c i e n c y  no, should be 

c a l c u l a t e d  from t h e  fol lowing equa t ion :  

/ [ q o u t ( t )  + q l o s s ( t ) l  d t  
= c l e a r  day u 

* I  I ( t )  d t  
c l e a r  day 

7 .  The inc iden t  angle  modi f ie r  o r  angular  acceptance t e s t  

i n d i c a t e s  t h a t  t h e  e f f i c i e n c y  i s  a  func t ion  of t h e  e a s t -  

west  view angle  and t h e  north-south view angle .  This  

information i s  t hus  needed f o r  hour ly  s imula t ion  and f o r  

assessment of t r ack ing  and mi r ro r  e r r o r s .  (F ig .  2 )  



William - C .  Thomas, V i r g i n i a  P o l y t e c h n i , ~  I n s t i t u t e  --- 

1. E f f i c i e n c y  frnm a thermodynamics p u i ~ ~ ~  of view i s  
, 

de f ined  a s  t h e  u s e f u l  energy output  from a  device  

d iv ided  by t h e  energy which we pay f o r .  The s o l a r  

i r r a d i a t i o n  i s  a v a i l a b l e  f o r  f r ee - - i t  i s  t h e  c o l l e c t o r  

we pay f o r .  This  impl ies  t h a t  g ros s  a r e a  i s  t h e  

a p p r o p r i a t e  term f o r  express ing  e f f i c i e n c y .  

2 .  The performance o f  a concen t r a to r  can be expressed i n  

r.erms of  t h e  near  normal inc : iden~e  of f  i c iency  as 

d i scus sed  i n  ASHRAE 93-77 and a  b i - d i r e c t i o n a l  i nc iden t  

augl P. madif i e r  uoing nartls-suuLh and ea.st-west view 

ang le s .  This  concept i s  i l l u s t r a r ~ d  i n  F i g .  3 .  

3 .  T e s t s  conducted under c l e a r  sky i r r a d i a t i o n  cond i t i ons  

f o r  which t h e  d i f f u s e  r a d i a t i o n  could c o n s i s t  p r imar i l y  

o f  forward s c a t t e r i n g  and t e s t  conducted under hazy 

c o n d i t i o n s  where t h e  d i f f u s e  i s  more uniform, g ive  an 

upper and lower l i m i t  of t h e  c o l l e c t o r  performance a s  it 

r e l a t e s  t o  d i f f u s e  r a d i a t i o n .  

4 .  Indoor t e s t i n g  can obvi&.!sly l ead  t o  b e t t e r  c u u l r o l  of 

t h e  d a t a ,  b u t  some concern expressed t h a t  indoor t e s t i n g  

wi th  a r t i f i c i a l  s u n l i g h t  o f t e n  skews t h e  s p e c t r a l  

i n t e n s i t y  d i o t r i b u t i u u  un the absorber .  This i s  an 

adverse  cond i t i on ,  p a r t i c u l a r l y  f o r  pho tovo l t a i c  

abso rbe r s .  

5 .  A. t h i r t y  day o t agna t ioa  requirement i s  a  r e a l  problem 

f o r  concen t r a to r s .  



William J. Putman, Desert Sunshine Exposure Tests, Inc. - - 

1. DSET has conducted approximately 50 concentrator tests. 

The data are presented in terms of efficiency as a 

function of temperature with the direct insolation as a 

parameter. However, he suggested that efficiency be 

plotted as a function of the difference between the 

inlet fluid temperature and the ambient temperature 

divided by the direct beam radiation. This is the 

recommendat ion in ASHRAE 9 3-77. 

2. For collectors used in the DOE demqnstration program 

there is a specification for a 30 day stagnation test in 

order to establish durabiltiy and reliability 

measurements. However, for concentrating collectors 

. this is a real problem since concentrators are.not 
. . 

. .designed for stagnation exposure. Most concentrators . . 

. will defocus at a preset absorber limit temperature. 

3. The use of the incident angle modifier as specified in 

ASHRAE 93-77 should be used with considerable care for 

concentrating collectors. 

M. E. Felix, Solaramics - - -- 

Component testing should be developed as well as total system 

testing. There are many manufacturers who provide only a specific 

component of the collector module, i.e., concentrator or 

reflector/refractor, receiver, and tracking mechanism. He 

recommended that there should be testing procedures for evaluating 

the concentrator separate from the absorber and both of these 

separate from the particular tracker mechanism. 



George Schrenk,  Un ive r s i t y  - of Pennsylvania  

Performance s t anda rds  should be r e l a t e d  t o  t h e  a p p l i c a t i o n  o r  end 

u s e  a n t i c i p a t e d  f o r  t h e  p a r t i c u l a r  c o l l e c t o r  module. 

C o n c e n t r a t o r s s h o u l d b e  c l a s s i f i e d  i n  terms of  t h e  temperature  

l i m i t s ,  t h e  amount o f  t r a c k i n g  r equ i r ed ,  t h e  focus and non-focus 

c h a r a c t e r i s t i c s ,  t h e  concen t r a t i on  r a t i o  and non-imaging 

c h a r a c t e r i s t i c s  of  concen t r a t i ng  c o l l e c t o r s .  A g iven  s tandard  

s h o u l d ~ s p e c i f y  t h e  types  of  c o l l e c t o r s  f o r  which i t  is 

app rop r i a t e .  

Ronald Rraceu~ll . St anfnrrl TJnj.ver~ i t v  

The use o f  t h e  a p e r t u r e  a r e a  and r e c e i v e r  a r e a  i n  spec i fy ing  a  

concen t r a t i on  r a t i o  i s  independent of t h e  o p t i c a l  c h a r a c t e r i s t i c s  

o f  a  p a r t i c u l a r  c o l l e c t o r .  He recommended t h e  u se  of a  f l u x  

concen t r a t i on  r a t i o , w h i c h  t akes  t h e  r e f l e c t a n c e  and su r f ace  

q u a l i t y  of  a  concentrato ' r  s u r f a c e  i n t o  account .  

A r t  Ra t ze l ,  Sandia  Labora to r i e s  - 

A t  t h e  Sandia  test  f a c i l i t y ,  t h e  major a r e a s  of  concern were: (a)  

l a r g e  u n c e r t a i h t  i e s  i n  smal l  d i f f e r e n t i a l  temperature  

measurements, ( b )  indoor  h e a t  l o s s  t e s t s  not  being r e l a t e d  t o  

outdoor  h e a t  l o s s e s  t h a t  t h e  c o l l e c t o r  experiences under t e s t ,  ( c )  

d i f f i c u l t y  of g e t t i n g  quasi-s teady s t a t e  cond i t i ons  f o r  l a r g e  

a r r a y s ,  and (d )  u n c e r t a i n t i e s  i n  t h e  p r o p e r t i e s  o f  hea t  t r a n s f e r  

f l u i d s  a t  e l eva t ed  tempera tures ,  p a r t i c u l a r l y  e thy l ene  g l y c o l  and 

Themanol 66. 



Jack  Cherne, - TRW ~ n e r ~ y  Systems 

The ASTM s tandards  committee E44  on s o l a r  energy conversion i s  

be ing  cha i r ed  by Gene Z e r l a u t ,  Deser t  Sunshine Exposure T e s t s ,  

Inc .  Anyone i n t e r e s t e d  i n '  p a r t i c i p a t i n g  i n  t h i s  s tandard  

committee should con tac t  M r .  Cherne. 

J i m  C a s t l e  and A r i  Rabl, SERI - --- - 

The c a l o r i m e t e r i c  technique f o r  measuringm.C f o r  a  g i v e n *  , "' 
P 

concen t r a t i ng  c o l l e c t o r  e l i m i n a t e s  t h e  l a r g e  u n c e r t a i n t y  i n  C 
P 

( t h e  s p e c i f i c  h e a t ) .  This  concept i s . i l l u s t r a t e d  i n  Fig:4. 

None of t h e  8 p a r t i c i p a n t s  who i d e n t i f i e d  themselves a s  
h a v i n g - a c t u a l  t e s t  exper ience  wi th  concen t r a to r s  made 
s e p a r a t e  measurements on t h e  t r a c k i n g  accuracy of  t h e  
p a r t i c u l a r  concen t r a to r  under t e s t ,  i . e . ,  concen t r a to r  
t racked  only a s  i t  was d e l i v e r e d  from t h e  manufacturer  o r  
c l i e n t .  
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. 
spec i f i c '  Recommeuda~ion bv t h c  workshop pat-; i c iDin t s  

 here seemed t o  be a  consensus concerning t h e  major p o i n t s  t h a t  

need t o  be addressed and so lved  f o r  t h e  development of t e s t  

s t anda rds  f o r  concen t r a t i ng  c o l l e c t o r s .  They a r e :  

1. C l a s s i f i c a t i o n  of  concen t r a t i ng  c n l l e c t o r s  i n  terms of 

t h e i r  a p p l i c a t i o n  and unique des ign  c h a r a c t e r i s t i c s  

(end-use) . 



-. 
2. Uniform definitions for reflector, absorber, tracker, 

concentration ratio, slope errors, tracking errors, 

incident angle eIIect , etc. 

3. Use two measurements for determining the concentration 

ratio: area ratio and flux ratio. 

4 .  The. calorimeter test procedure for determining ;C 
P 

should be further investigated to determine its accuracy 

r c l a t  ivc to the tecliniques ot measuring C and 6 
P 

sepa~'icI p l y .  

5. This is the third workshop with the same basic 

recommendations as the other two. It is urged that SERI 

take the lead to get the recommendations implemented, 

i.e., test labs should agree on how to report data, 

standard definitions should be developed, and the 

sensitivity of test results to test parameters should be 

determined. 
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S e s s i o n  1, Group 5 

James T o b i a s ,  Leader  

Honeywell, Inc .  

Minneapo l i s ,  Minnesota  

I n t r o d u c t i o n  

The working g roup  d i s c u s s e d :  . 

1; t r a c k i n g  c o n t r o l  ; 

2 .  d r i v e  c o n t r o l ;  

. 3 .  s a f e , t y  c o n t r o l ;  and 

4 .  sys tem c o n t r o l s .  

A s u b s t a n t i a l  amount o f .  t ime was devo ted  t o  t r a c k i n g  c o n t r o l  and 

t h e  consensus  seemed t o  be  t h a t  t h i s  is  t h e  most p r e v a l e n t  problem 

f a c i n g  c o n c e n t r a t i n g  s o l a r  c o l l e c t o r s ,  b u t  t h a t  sys tems c o n t r o l  . 

e n g i n e e r i n g  was a l s o  sometimes l a c k i n g .  

It  w a s  c o n c l u d e d t h a t  many problems can  b e  avo ided  i f  t h e  

c o n t r o l  e n g i n e e r  i s  b rough t  t o  t h e  job v e r y  e a r l y .  I f  t h e  

c o n t r o l s  and systems d e s i g n  work i s  done p r o p e r l y ; 3 0 %  o f  t h e  

f i e l d  problems can  be  e l i m i n a t e d .  



Tracking Cont ro l  

There were eng inee r s  from s e v e r a l  c o l l e c t o r s  manufacturers  i n  

a t tendance  and a  l o t  of d i s c u s s i o n  cen te red  on t r ack ing .  A key 

i s s u e  was whether t h e  c o n t r o l  should be  open o r  c losed  loop.  

An open loop c o n t r o l  system uses  a  computer o r  c lock  mechanism t o  

c a l c u l a t e  t h e  s u n ' s  p o s i t i o n  and then t h e  motor, which may o r  may 

no t  have p o s i t i o n  feedback, d r i v e s  t h e  c o l l e c t o r  t o  t h a t  angular  

p o s i t i o n .  The problem wi th  t h i s  type of system i s  mechanical 

compliance. Thc i - l e x l b l l l t y  of t he  members and t h e  backlash of 

t h e  gear  d r i v e  mechanism c o n t r i b u t e  t o  e r r o r s  t h a t  u sua l ly  a r e  

g r e a t  enough t o  d e s t r o y  t h e  optimum.receiving c h a r a c t e r i s t i c s .  

- 
I n  a  c losed  loop c o n t r o l  system, a  sun t r a c k e r  views t h e  sun arld 

i t s  feedback i s  used t o  p o s i t i o n  t h e  s o l a r  c o l l e c t o r  s o  t h a t  t h e  

c o l l e c t o r  f aces  t h e  sun. The normal accuracy of t h e s e  types  of 

systems i s  d e s i r e d  t o  be about 114 of  an angular  degree.  I f  t h e  

c o n t r o l l e r  could a c t u a l l y  sense  t h e  i n s o l a t i o n  rece ived  a t  t h e  

c o l l e c t o r  a s  opposed t o  t h e  usua l  s e p a r a t e  sensor  mechanism t h e  

b e s t  accuracy could be ob ta ined .  A p r a c t i c a l  implementation has  

no t  yet  been achieved.  One of t h e  schemes t h a t  i s  being t r i e d  i s  

based on measuring t h e  temperature  6f t h e  c o l l e c t o r .  P re sen t ly  

t h e  technology i s  making use  o f  photo c e l l s  o r  photo t r a n s i s t o r s  

t o  sense  t h e  sun and arranged wi th  a  shadow band t o  c r e a t e  t h e  

e r r o r  s i g n a l  f o r  t h e  d r i v e  system. 

Conclusion: Closed loop c o n t r o l  seem t o  be favored most heav i ly  

by t h e  group.  



Drive Cont ro l  

The main concern i s  t h e  s e l e c t i o n  of t h e  motor. A small  motor has  

t o  be geared,  but  produces a  h igh  accuracy i n  t r ack ing .  A l a r g e  

motor can move f a s t ,  bu t  t ends  t o  overshoot  q u i t e  s eve re ly .  The 

b e s t  compromise i s  t o  b u i l d  t h e  d r i v e  mechanism e i t h e r  with pu l se  

and modulation c i r c u i t  o r  use  a  motor speed c o n t r o l  t h a t  can slow 

a  l a r g e  motor t o  make i t  t r a c k  a c c u r a t e l y ,  bu t  r e t a i n s  t h e  

advantage of t h e  speed and torque  of  a  l a r g e  motor when needed i n  

an  emergency and f o r  stowing t h e  c o l l e c t o r s  i n  t h e  evening. 

DC motors a r e  ga in ing  momentum. Most people a r e  us ing  them 

because they a r e  s u i t a b l e  f o r  b a t t e r y  backup. They can be 

connected d i r e c t l y  t o  t h e  b a t t e r y  and t h e  c o l l e c t o r s  can move t o  

stow p o s i t i o n  e v e q u n d e r  a  power l o s s .  This  i s  an advantage over  

AC motors because they have t o  be i n t e r f a c e d  through an i n v e r t e r  

o r  a  motor-generator s e t  t o  a  b a t t e r y .  This  added c o s t  i s  e a s i l y  

o f f s e t  by j u s t  us ing  t h e  D C  motors .  The consensus s p e c i f i c a t i o n s  

f o r  a  d r i v e  mechanism i s  t h a t  motors have t o  d r i v e  a t  l e a s t  90  

degrees  per  minute f o r  f a s t  stow; whereas f o r  t r a c k i n g  they have 

t o  have a  t r a c k i n g  accuracy of 114 degree.  

Sa fe ty  Control  

Sa fe ty  c o n t r o l  i s  a  complex problem. Highly r e l i a b l e  p a r t s  a r e  

needed so  t h a t  a l l  t h e  c o l l e c t o r s  can be defocused under any type 

o f  f a i l u r e .  Then t h e  sun c a n ' t  over-heat any of t h e  c o l l e c t i n g  

elements . '  I f  t h e  c o l l e c t o r s  were l e f t  i n  t h e  f ace  up p o s i t i o n ,  i't 

i s  p o s s i b l e  f o r  t h e  sun t o  move i n t o  a  p o s i t i o n  where energy i s  

focused on to  t h e  r ece ive r .  I nd iv idua l  temperature  s enso r s  a r e  

r equ i r ed  on each c o l l e c t n r .  The s u r e s t  way of  main ta in ing  

r e l i a b i l i t y  and h igh  s a f e t y  i s  t o  r e q u i r e  manual r e s e t  a f t e r  

p o t e n t i a l l y  s e r i o u s  types of f a i l u r e .  Over-temperature f a i l u r e s  

occur  f r equen t ly  dur ing  ins ta l . l . a t ion  of  t he  c o l l e c t o r  system. The 



i n s t a l l a t i o n  personnel  o f t e n  f o r g e t  t h a t  t h e  sun moves and i f  t h e  

sun  moves i n t o  focus i t  can des t roy  t h e  c o l l e c t o r  by gene ra t i ng  

exces s ive ly  h igh  p re s su re  and temperatures .  

Another c r i t i c a l  a r e a  i s  t h e  c o n t r o l  of  l i q u i d  l e v e l .  F i r s t ,  
\ 

t h e r e  should always be enough l i q u i d  i n  t h e  system t o  avoid 

c o l l e c t o r  burn0ut.s. Secondly, t h e  l i q u i d  p re s su re  u sua l ly  changes 

q u i t e  s i g n i f i c a n t l y  because of  t h e  l a r g e  temperature  excursions:: 

Therefore ,  t o  i n s u r e  s a f e  o p e r a t i n g  p re s su re  i n  t h e  systems,  t h e  

p r e s s u r e  has  t o  be maintained above a c e r t a i n  1.eve1 sn t h a t  t h e  

l i q u i d  w i l l  no t  f l a s h  nt b o i l .  

System Cont ro l  

The group unanimously agreed t h a t  a  l o t  of work has  t o  be done i n  

t h i s  a r ea .  System c o n s i d e r a t i o n s  seems t o  be t h e  most o f t e n  over- 

looked des ign  a c t i v i t y  and usua l ly  i s  done a f t e r  t h e  f a c t .  System 

c o n t r o l  should be i n t e g r a t e d  i n t o  system design.  This  would 

e l i m i n a t e  problems such a s  t h e  c o l l e c t o r s  not providing t h e  r i g h t  

amount of  hea t  o r  e l e c t r i c i t y  when i t  i s  needed. Therefore ,  t h e  

requirement  f o r  a~ c o n t r o l .  engineer  t o  work e a r l y  on t h e  job t o  
/ 

provide  t h e  system inpu t  and system des ign  pe r spec t ive  t o  the 

problem i s  r equ i r ed .  In  a d d i t i o n ,  t o  t e s t  t h e  advanced concepts  

o f  system c o n t r o l  theory  and des ign ,  a  system t e s t  f a c i l i t y  wi th  

load  c o n t r o l  f e a t u r e s  would be h e l p f u l .  

Fea tu re s  o f f e r e d  by microprocessor  a r e  of advantage i n  i n s u r i n g  

a p p l i c a t i o n s  because they normally can be e a s i l y  custnmixed 

t h r n ~ i ~ h  ~ h n n ~ ~ s  i n  soffwarc. Moflt nn l  RT applicat icrru are s p e c i a l  

de s igns  and t h e r e f o r e  t h e  c o n t r o l  syst'em has  t o  be e a s i l y  

adap tab l e  t o  each s i t u a t i o n .  The i d e a  of  applying a  

microprocessor  wi th  s t anda rd  i npu t /ou tpu t  hardware i nc lud ing  

a c t u a t o r s  and y e t  having f l e x i b l e  f u n c t i o n a l i t y  is  a  good one f o r  

p o t e n t i a l  c o s t  sav ings .  



The system engineer would appreciate a system that has 

instrumentation capability. Approximately 60 points of 

measurement including temperature, flow, and power are required. 

A comfort system that can offer control logic and instrumentation 

is a good consideration, but does not offer the reliability or 

flexibility of separate systems to do these specialized tasks. 

One of the problems of implementing a general purpose computer 

based controller is lack of configuration data. ,There are a 

number of installations being planned, designed and installed, yet 

there is no feedback defining the configurations and there are no 

standards and general purpose parts. 

Suggested Action -- 

The previous discussion led to the following conclusions. 

1. Further optimization of the collector unit controllers 

is still required. A-lot of work remains to be.done in 

tuning and cost reduction of the collector control, 

drive, tracking and safety mechanisms. This work should 

be funded adequately to maintain the current momentum 

that already exists in developing these types of 

controls. 
\ 

2. Develop a flexible controller that could meet the needs 

of various situations. This control could be based on a 

microprocessor and other general purpose standard 

hardware with specialized software for each particular 

installation. The software could be designed in modular 

fashion, similar to the hardware. Then, the controller 

coiild be customized for each application. 



In support of the flexible system controller, a project 

should be started to define the configurations of the 

solar systems that are being installed and have been 

installed in the past. This input can be used to 

determine what control functions and sensors are really 

necessary, and to define the type of instrumentation 

that is required. 

4. To insure that adequte system design is done on each new 

project, an environmental. facility should be available 

and some deslgn guidelines for, solar collector fie.1.d and 

its local cnntrnl s shn1~I.d be ~stabli~hod. Thcoc 

guidelines could be a checklist or a recommended design , 

process that includes all the various considerations 

that go into the design. In other words, it's a step- 

by-step procedure definition f n r  designing solar 

collector fields and systems. 

Other Technological Problems -.- 

The first paragraphs summarized the various discussions of the 

symposium and workshop but some interesting quotati.ons were 

missed. Following is a list of suchoitems that might be 

interesting to the reader. 

The cost of a microprocessor or the logic for any system 
control is about one tenth (1110) of the transducer or 
sensor costs . 
Modulating flow control is usually required if 
maint a i ~ ~ i ~ i ~  b l ~ u  Lemperocure difference across Lhe 
collector is necessary. But a large field requires many 
control valves. It was suggested that automatic flow 
balancers could alleviate this problem and reduce the 
number of flow control valves needed. 



There is a problem with oil in the 600°F range. It 
generates deposits and there is a requirement for oil 
scrubbers to keep the impurities out of the systems. 

Stagnation heat problems frequently occur,during 
installation. h e  workmen leave the collector up, 
forgetting that the sun moves. Once in the right 
position to focus on the device, it will raise the 
temperature to the stagnation point. This temperature 
can immediately destroy- collectors of some specific 
designs . 

.e The tracking and drive mechanism, and the sun seeking 
controls make up 15% of the cost of the collectors. 
This does not include the system control. 

Photovoltaic systems use fluids for cooling. When it is 
possible to use this fluid as process heat,' the flow 
should be modulated to control certain temperatures to 
make it useful. . . 

There is a lack of system configuration data that is . c s  

necessary to establish concentrating solar collector 
standards. 

There is a need for a set of design guidelines to ensure 
that control and system design are a part of the project 
plan. \ 

The instrumentation requirements shoud be specified 
early because sub-system manufacturers may more 
efficiently install sensors in the factory. Factory 
installed subsystem instrumentation can save on total 
system cost, but usually each subsystem is conqidered 
independently. This is a clear case illustrat,ing why 
systems engineering is required for each new design. 
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CLEANING AND MAINTENANCE - 

Session 2, Group '1 

Roscoe L. Champion, Leader 

Sandia Laboratories 

Albuquerque, New Mexico 

This working group decided that the purposes of the sessionshould 

be to share experiences regarding cleaning of collectors, to 

identify problem areas, and to formulate recommendations for 

future efforts. At the beginning of the session the chairman 

presented an outline of important topics to be considered. These 

topics are: 

1) Why is cleaning necessary; 

2) What p.ortions of a collector require cleaning; 

3) What are the contaminants which accumulate; 

4) What cleaning techniques have been tried, 

and which ones were successful; 

5 )  How canthe rate of dirt accumulationbe slowed; 

6 )  What 'frequency of cleaning may be necessary; 

7) What is "clean" and how is i c  rdeasured; 

8) What are cost considerations and environmental 

limitat ions. 



A f t e r  a  b r i e f  s t a t e m e n t  r e g a r d i n g  t h e  above s t a t e d  purposes  o f  t h e  

mee t ing  and t h e  d e s i r e d  o u t p u t ,  t h e  p a r t i c i p a n t s  were i n v i t e d  t o  

s h a r e  t h e i r  own e x p e r i e n c e s  r e g a r d i n g  t h e  e f f e c t s  o f  d i r t  

accumula t ion  and t h e  v a r i o u s  c l e a n i n g  t e c h n i q u e s  u t i l i z e d .  

D e t a i l e d  r e s p o n s e s  were encouraged t o  a l low t h o s e  who had a c t u a l l y  

c l e a n e d  c o l l e c t o r s  t o  s h a r e  w i t h  o t h e r s  t h e i r  s u c c e s s e s  and 

f a i l u r e s ,  t h e i r  t e c h n i q u e s ,  d e t e r g e n t s ,  e t c .  

. . 

Although t h e  second o b j e c t i v e  was t o  i d e n t i f y  c l e a n i n g  problem 

a r e a s ,  t h i s  p o r t i o n  o f  t h e  mee t ing  cou ld  no t  be l e f t  t o  a  l a t e r  

t i m e t  As t h e . d i s c u s s i o n s  evo lved ,  t h e s e  problem a r e a s  were no ted  

f o r  i n c l u s i o n  i n  t h e  summary and f o r  use  i n  f o r m u l a t i n g  

1) Why i s  c l e a n i n g  necessa ry?  The e f f e c t s  o f  an  accumula t ion  o f  - --- 
c o n t a m i n a t i o n  on r e f l e c t o r  ( o r  r e f r a c t o r )  s u r f a c e s ,  o r  on t h e  

t r a n s p a r e n t  enve lope  sur rounding  t h e  r e c e i v e r  t u b e ,  a r e  decreased  

s p e c u l a r  r e f l e c t a n c e  and d e c r e a s e d  performance.  Subsequent t o  

s e v e r e  wea ther  c o n d i t i o n s ,  samples from p a r a b o l i c  t rough  

c o n c e n t r a t o r s  have e x h i b i t e d  a  d r o p  o f  20 t o  25 p e r c e n t a g e  p o i n t s  

i n  s p e c u l a r  r e f l e c t a n c e .  P a r t i c u l a t e  con taminan ts  such a s  d u s t ,  

sand ,  s o o t ,  e t c , ,  t e n d  t o  s c a t t e r  l i g h t  and d e c r e a s e  s p e c u l a r  

i n t e n s i t y .  With t h i s  e f f e c t i v e  d e c r e a s e  i n  r e f l e c t a n c e ,  c o l l e c t o r  

performance i s  degraded e v e n t u a l l y  t o  u n a c c e p t a b l e  l e v e l s .  Then 

c l e a n i n g  ,must  be performed. 

. . 
2) What p o r t i o n s  o f  a  c o l l e c t o r  r e q u i r e  c l e a n i n g ?  Obviously t h e  -- 
r e f l e c t o r  o r  r e f r a c t o r  p a n e l s  must be c leaned .  I n  some c o l l e c t o r '  

d e s i g n s  t h a t  u t i l i z e  a  t r a n s p a r e n t  cover  she.et such a s  t h e  g l a z i n g  

o f  a  f l a t  p l a t e  c o l l e c t o r ,  t h a t  s h e e t  must be  c l e a n e d  j u s t  a s  t h e  

r e f l e c t o r  o f  a  t y p i c a l  open p a r a b o l i c  t rough .  Of s p e c i f i c  n o t e  i s  

t h e  f a c t  t h a t  t h e  t r a n s p a r e n t  enve lope  sur rounding  ( o r  i n  f r o n t  

o f )  t h e  r e c e i v e r  t u b e  must a l s o  be c leaned .  The p e r s o n n e l  

r e s p o n s i b l e  f o r  o p e r a t i o n  o f  t h e  t r o u g h s  of t h e  s o l a r  i r r i g a t i o n  



f i e l d  a t  Wi l la rd ,  New Mexico, f e l t  t h a t  c lean ing  o f  t h e  r e c e i v e r  

envelope was perhaps more important than c lean ing  o f  t h e  r e f l e c t o r  

panc ls .  

'A  s e p a r a t e  but  a s s o c i a t e d ~ p r o b l e m  i s  t h a t  of s e a l i n g  t h e  g l a s s  

envelope which surrounds o r  i s  o therwise  i n  f r o n t  of  t h e  r e c e i v e r  
a'. 

tube.  The s e a l  des ign  should prevent ,  i n s o f a r  a s  p o s s i b l e ,  t h e  

i n f i l t r a t i o n  of  dus t  i n t o  t h e  i n t e r i o r  space between t h e  r e c e i v e r  

and i t s  envelope. Dust which s e t t l e s  on t h e  i n s i d e  s u r f a c e s  of  

t h e s e  g l a s s  envelopes i s  v i r t u a l l y  impossible  t o  wash. The des ign  

o f  t he se  r e c e i v e r  assemblies  should cons ide r  both t h e  p reven t ive  

a s p e c t s  a s  wel l  a s  t he  e f f e c t s  of t he  washing o r  c l ean ing  process .  

The Wil la rd ,  New Mexico, i n s t a l l a t i o n  has  encountered dus t  

i n f i l t r a t i o n ,  a s  have s e v e r a l  of t h e  small  r i m  angle  r e c e i v e r s  

which use long, narrow, f l a t  s h e e t s  of  g l a s s  a s  t h e  t r anspa ren t  

envelope. Sea l s  which accomodate t h e  movement due t o  l a r g e  

temperature  excurs ions  a r e  important des ign  cha l l enges .  

3)  What a r e  t h e  .contaminants which accumulate? The contaminants --- 
a r e  t y p i c a l l y  those  l o c a l  s o i l  and o t h e r  p a r t i c l e s  which become 

' a i r b o r n e  under windy cond i t i ons .  Local a i r  p o l l u t i o n  s t u d i e s  

should provide b a s i c  informat ion f o r  c lean ing  i n v e s t i g a t i o n s .  . 

Other  subs tances  such a s  smog and hydrocarbons condense a s  f i lms  

on r e f l e c t o r  s u r f a c e s .  The contaminants may be very dependent on 

t h e  s p e c i f i c  l o c a l e  and weather cond i t i ons  of t h e  c o l l e c t o r  

i n s t a l l a t  ion .  

One of t h e  major a r e a s  r e q u i r i n g  a d d i t i o n a l  i n v e s t i g a t i o n  i s  t h a t  

o f  i d e n t i f y i n g  t h e  contaminants which do accumulate and t o  

determine t h e  adhesion mechanisms which develop between c o l l e c t o r  

s u r f a c e  and' t h e  f o r e i g n  p a r t i c l e .  



4)  How do  we c l e a n  c o l l e c t o r s ?  The v a r i e t y  of  c o n t o u r  and s i z e  ----- 
o f  r e f l e c t o r s  i s  s o  broad t h a t  p r o v i d i n g  mechanical  s c r u b b i n g  o r  

a g i t a t i o n ,  as i n  a  c a r  wash w i t h  a  r o t a r y  hrtish, w i l l  b e  

d i f f i c u l t .  Access t o  t h e  r e f l e c t o r  s u r f a c e s  w i l l  be  v i r t u a l l y  

i m p o s s i b l e  due t o  t h e  r e c e i v e r  t u b e s ,  t h e i r  s u p p o r t s ,  guy w i r e s  

and o t h e r  i t ems  which a r e  un ique  and n e c e s s a r y .  With a c c e s s  

d e n i e d ,  t h e  n e x t  o p t i o n  a p p e a r s  t o  be  a  s p r a y - o n l r i n s e - o f f  

approach.  A d a p t a t i o n  o f  s p r a y  sys tems ,  e i t h e r  f i x e d  o r  moveable,  

s h o u l d  b e  t e c h n i c a l l y  f e a s i b l e  f o r  t h e  wide v a r i e t y  o f  s i z e s ,  

s h a p e s ,  and c o n f i g u r a t i o n s  of  s o l a r  c o l l e c t o r s .  

The probibemsof t h e  mechanics  o f  washing were d i s c u s s e d  by Dan 

Arv ieu  o f  Gandio. With o v e r  two acres of m i r r n r  ins ta l . l . ed  a t  the 

STTF and g e t t i n g  d i r t y ,  t h e r e  i s  an immediate need f o r  commitment 

t o  a  c l e a n i n g  sys tem.  Based on some p r e l i m i n a r y  i n v e s t i g a t i o n ,  a  

l a r g e  r o a d a b l e  p i e c e  o f  h i g h  p r e s s u r e  s p r a y  equipment was p rocured  

f o r  c l e a n i n g  o p e r a t i o n s  and i n v e s t i g a t i o n  o f  c l e a n i n g  pa ramete r s .  

The u n i t  c a n  s u p p l y  s i x  g a l l o n s  p e r  minu te  a t  p r e s s u r e s  up t o  300 

p s i ,  w i t h  a  v a r i e t y  o f  n o z z l e s  and d i r e c t  i n j e c t i o n  o f  t h e  

d e t e r g e n t  i n t o  t h e  s p r a y  n o z z l e  a t  v a r i o u s  r a t i o s .  The u n i t  h a s  

l a r g e  t a n k s  f o r  d e i o n i z e d  w a t e r .  O p e r a t i o n a l  u s e  o f  t h i s  

equipment o v e r  t h e  nex t  few months shou ld  p r o v i d e  e x c e l l e n t  d a t a  

on problems o f  c l e a n i n g  h e l i o s t a t s .  'Much o f  t h i s  i n f o r m a t i o n  

shou ld  b e  a p p l i c a b l e  t o  o t h e r  t y p e s  o f  c o l l e c t o r s .  

5 )  IIow can we decreaoc t h e  r a t e  o f  d i r t  accumula t ion?  Several .  ----- 
approaches  were ment ioned,  i n c l u d i n g  s t o r a g e  p o s i t i o n s  i n  which 

t h e  r e f l e c t o r  s u r f a c e s  l o o k  downward, p r e v e n t i n g  s e t t l i n g  o f  

p a r t i c l e s  on t h e  r e f l e c t o r .  Some d a t a  i s  a v a i l a b l e  on t h i s  d e s i g n  

a p p r u a c k .  A n t i s t a t s  may be i n c l u d e d  i n  the f i n s 1  r i n s e  waLer t o  

i n h i b i t  e l e c t r o s t a t i c  a t t r a c t i o n  o f  d i r t  p a r t i c l e s .  G l a s s  

r e f  Lec to r s  may a l l o w  baked-on s u r f a c e  c o a t i n g s  which f u n c t i o n  a s  

a n t i s t a t s .  O t h e r  more sophisticated.approaches were b r i e f l y .  

ment ioned.  



Some measure of the rate of contamination build-up is needed for 

the v9rious sites of major installations. It was recommended that 

small test racks might be set up at these sites as soon as 

possible after selection to provide data on the type of 

contamination and rates of accumulation for use in planning 

cleaning cycles and materials. Site-specific contaminants will 

probably require adjustments in cleaning solutions. 

6 )  How often should we clean? Cleaning frequency is a function -- -- 
of locale, weather, stowage posit ion, reflector material, etc. 

Estimates of interval range from one week to one month, with two 

to three weeks predominant. One comment suggested that a regular 

interval be established and then let the system performance tell 

you if the cleaning frequency is adequate or not. Certainly, 

reflectance measurements must be taken to provide correlation with 
,,, 

the performance and cleaning data. 

7) What is "clean" and how is it measured? In any investigation -- - ---- 
of cleaning of solar collectors, instrumentation to analyze the 

efficiency of the cleaning process is vital. Standard reflectance 

measurement instruments should be used so that the solar community 

can use data from all sources, on original, dirty, and as-cleaned 

reflectors. More sophisticated measurements are needed to 

ascertain what is left on a reflector after the cleaning process; 

this type of determination would provide information on the 

efficiency of the cleaning process and on the residue left by it. 

Both are important parameters. 

8) What are cost considerations? Cost considerations are ---- 
extremely important in develop.ing cleaning processes for large 

solar fields. preliminary estimates of the cost o f  deionized 
2 water indicate one cent per gallon of water and .015#/ft per 

cleaning for spray-onlrinse-off techniques. Detergent costs 

average about .035#/ft2 per cleaning. Labor costs are the 



2 potentially large costs requiring from 0.3 to 0.64lft per 
2 washing. ,Total cleaning costs should not exceed 0.54 per ft4 per 

washing for it to be economically viable. Permanently installed 

sprinkler systems should be investigated to avoid the high labor 

cost of cleaning by driving a large spray vehicle through the 

collector field. 
. . 

Batelle NW has investigated cleaning agents. Manufacturers were 

contacted for agents, recommended formulations, and washing 

techniques. Fifty or sixty samples were evaluated. Wetting 

ability was measured. Most did not leave a residue. Very few 

were suitable for plastic film reflector materials. Battelle NW 

ranked the cleaning agents and will furnish information on 

request. 

Environmental protection requirements were only mentioned briefly. 

The limitations imposed on cleaning systems are real and must be 

considered in developing cleaning systems. 



IDENTIFICATION OF PROBLEM AREAS - -- - 

1. Contamination and decreased.performance is a real problem. 

Cleaning will be required. 

2. Understanding of contamination and adhesion mechanisms is 

v,ital.. * 

3 .  Design must consider both prevention of contamination buildup 

and adaptation to'simple cleaning procedures. 

. . 
I 

4. Receiver.envelopes require cleaning also. . . , . 

Chemical agents to do job will be required. EPA 

cons ide,rat ions . apply. : . . 

. . . 
2 .  

Cleaning techniques musE be developed. Minimum water usage 

is a requirement. ~ i n i i m  labor is vital. 

For cleaning system development, instrumentation to measure 

cleaning efficiency will be required. Residue left by 

cleaning process must be measured., 

Cost must be low. 



RECOMMENDATIONS - 

1. Design for cleaning must be an initial design consideration. 

2. Investigations. are needed into: 

a. Identification of contaminants: particulate, films, 

etc. . 

b. Adhesion mechanisms formed between contaminant and 

reflector, 

c. Residue left after cleaning. 

3. Stowage position and coatings may reduce frequency of 

cleaning by preventing buildup. 

4. Future sites could use data on: 

a.  Types of contamination to be expected. 

b. Rate of contamination buildup: 

c. Cleaning requirement projection. 
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  he group discussions, and this report, center on four primary 
. . .  , . . 

topics: 

1) What constitutes high temperature 

2) Ceramics as receiver materials 

3) Metals as receiver materials 

4) Special coatings for solar receivers 

The report which follows is an attempt to capture both the 

emphasis and the flavor of the group discussions. 

What Constitutes "High Temperature?" -. 

The first task the group addressed was to decide what constitutes 

a high temperature receiver on the basis of materials 

capabilities. The first breakpoint noted is at about 400" C.  his 
constitutes the upper limits for organic heat transfer oils as a 

working fluid. More importantly the 400°C 1 imit represents the 

range where austenitic steels replace ferritic steels as a 

material of construction. 



In a materials of cnnstruction sense, thcn, high temperature 

should encompass the working range for the austenitic steels, the 

high temperature nickel-based alloys and the super alloys. This 

suggests a materials high temperature range of about 400°C to 

1000°C. Under this definition the Barstow Central Receiver 

Project, the Crosbyton Fixed Mirror, Distributed Focus system, and 

a number of lower temperature Brayton cycles would be classed as 

high temperature receivers. This same range is where high 

pressure steam, liquid metals, and fused salts appear most 

attractive a3 heat transfer uwdia.  

At temperatures somewhat below the 1000°C metals limit and for a 

considerable temperature span a b n v ~  that, caramic~ offcr 

tantalizing possibilities as receiver materials. As will be 

discussed further later, the ceramicists present felt strongly 

that the primary impediment to development of very high 

performance ceramic receiver materials is not so much the state of 

the ceramics art as it is the definition of receiver performance 

requirements. The group agreed that in terms of materials, 

temperatures in excess of 1000°C should be considered as ultra- 

high temperatures. The most common working fluids in this ultra- 

high temperature range are gases. 



. . 
. a .  

It is interesting to note that wh,ile the group suggested . . a, 
. 8 

temperature breakdown of 

intermediate < 400" C 

high 4000" C- 1000" C 

ul tra-high > 1000" C 

the Department of Energy has temperatures classed as 

intermediate , .  300-650" C 

high ' > 650°C 

The DOE designations'have more to do with the types of energy 

cycle favored in each range than with the materials requirements. 

It is recommended that some compromise designation.which,better 

matches materials and energy cycles would be more useful. 

Ceramics as Receiver Materials - 

Much of the group's discussion centered on the desiga and use of 

ceramics as materials of construction for what we terrded ultra- 

high temperature receivers. It was emphasized that it is 

difficult, if not improper, to be too specific with regard to the 

design of a ceramic for a particular receiver situation. The 

science (art?) of ceramics formulation is still in its youth. 

However, the problems we are facing in receiver design'are such 

that the receiver materials performance is paramount leaiing the 

economic considerations as secondary. A few specific ceramics and 

their potential applications and limitations are summarized in 

Table I. 



Table  I :  Candidate Ceramics f o r  U l t a  High 

Temperature S o l a r  Receivers  

S i l i c o n  ca rb ide  - A prime cand ida t e  m a t e r i a l  f o r  a coal-powered 

Brayton c y c l e  engine.  

P r o p e r t i e s :  T< - 2700" F 

low thermal expansion 

h igh  s t r e n g t h  

good thermal conduc t iv i t y  

good a b s o r p t i v i t y  

compatible  wi th  many hea t  

L rans  fer f l u i d s  

can be s l i p  c a s t  . .  . 

S i l i c o n  n i t r i d e .  - Comp'atible with molten aluminum which i s  a 

p o t e n t i a l  hea t  t r a n s f e r  f l u i d .  

C o r d i e r i t e  , - A magnesium-aluminum s i l i c a  g l a s s  ceramic 

f o r  an SO2, SOg gas  r ece ive r .  

Prnpert ies: T< 2300°F - 
l i m i t e d  t o  low p re s su re s  



Although the pervasive attitude'of the ceramicist present seemed 

to be "tell me your needs and I will design to meet them," there 

are some non-trivial problems associated with using ceramic' 

receivers. Ceramics have a very real upper limit on internal 

working pressures of about ten atmospheres. ~y their nature, 
ceramics are brittle and th'is factor must! be included as special 

consideration in. any mechanical design. 

Also to be 'included in mechanical.design for ceramics is the 

problem of making joint connections. It is critical that all 

joints, whether. bktween ceribics. dr between ceramics and metals, 

be capable of surviving large temperature variations. The problem 

of making survivable ' ceramiclmetal joints was identified as 

critical in the furtherance of ceramic receiver technology. 
. . , 4; . .  2 

Although there is a cdnsidei-able.body of knowledge available for 

ceramics, the transfer of this technology to solar high 

temperature receivers was ideriti'fied as a difficult area. For 

example, ceramics have.been used for centuries-as refractories, 

but typically in a reducing atmospheret When we design a ceramic 
. . 

receiver, it must perform - and survive - in an oxidizing 
atmosphere and perhaps in contact with a potentially destructive 

heat transfer medium. As another example, the behavior of 

ceramics under cyclic temperature conditions is well known, but 

the response of ceramics to thermal shocking has not been nearly 

as well explored. 

On the positive side, a ceramic receiver provides the prospect of 

tailoring the material of construction to the performance 

requirements. Also, the optical properties of some ceramics offer 

very interesting possibilities. For example, it is well known 

that in traditional conductive/convective heat transfer, alumina 

(A1203) is something less than ideal as a heat exchanger material. 



I f  t h i s  same a lumina  i s  exposed t o  r a d i a n t  energy i t  i s a c t u a l l y  

somewhat t r a n s p a r e n t  t o  t h e  energy .  The r e s u l t  i s  t h a t  t h e  

s u r f a c e  i s  no t  overhea ted  r e l a t i v e  t o  t h e  c o r e  o f  m a t e r i a l ,  

r e d u c i n g  the rmal  s t r e s s e s .  There  e x i s t s ,  then ,  t h e  p o s s i b i l i t y  o f  

t r a n s f e i r i n g  c o n c e n t r a t e d  h e a t  energy through a  r e c e i v e r  d i r e c t l y  

i n t o  t h e  working f l u i d .  T h e , r a d i a n t  h e a t  t r a n s p o r t  p r o p e r t i e s  o f  

many c a n d i d a t e  r e c e i v e r  m a t e r i a l s  remain e s s e n t i a l l y  unexplored.  

I n  summary, c e r a m i c s  a r e  most a t t r a c t i v e  a s  a  r e c e i v e r . m a t e r i a 1  a t  

t e m p e r a t u r e s  g r e a t e r  t h a n  1000°C, a t  low p r e s s u r e s ,  w i t h  gaseous  

h e a t  t r a n s f e r  media. There a r e  s i g n i f i c a n t  problems i n  t h e  

b r i t t l e  d e s i g n  f o r  ce ramic  r e c e i v e r s  and i n  forming durab le  . 

mechanical  j o i n t s ,  p a r t i c u l a r l y  ce ramic lmeta l  j o i n t s .  There  a r e  

problems a l s o  i n  the rmal  c y c l i n g  and the rmal  shocking an< i n  f l u i d  

and ambient e n v i r o n m e n t a l c o m p a c i b i l i t y .  Ceramic r e c e i v e r  d e s i g n  

from b o t h  m a t e r i a l s  and d e s i g n  s t a n d p o i n t s  i s  a  v e r y  young s c i e n c e  

which seems t o  be i n  need o f  d e f i n i t i o n  o f  what a r e  t h e  s p e c i f i c  

r e c e i v e r  performance requ i rements  t o  be met,  and i n  need o f  

suppor t  t o  f i n d  ways t o  b e s t  meet t h e s e  requ i rements .  

Meta l s  a s  Rece iver  M a t e r i a l s  - 

The g r o u p ' s  d i s c u s s i o n  o f  t h e  r o l e . a n d  a s s o c i a t e d  problems of  

u s i n g  m e t a l s  a s  r e c e i v e r  m a t e r i a l s  was c o n s i d e r a b l y  l e s s  l i v e l y  

t h a n  t h e  ce ramics  d i s c u s s i o n .  The m e t a l s  i n d u s t r y  i s  a mature  

i n d u s t r y  c h a r a c t e r i z e d  by a  f a i r l y  s low,  s t a b l e  r a t e  o f  

development o f  new m a t e r i a l s .  I n  t h e  s o l a r  r e c e i v e r  a p p l i c a t i o n s  

a r e a  i t  a p p e a r s  t h a t  t h e  n icke l -based  a l l o y s  a r e  t h e  most popula r ,  

w i t h  t h e  Barstow r e c e i v e r  be ing  f a b r i c a t e d  o f  I n c a l l o y  800 and t h e  

Crosbyton r e c e i v e r  b e i n g  e i t h e r  I n c o n e l  617 o r  625. 

S e v e r a l  p a r t i c u l a r  problem a r e a s  i n  m e t a l  r e c e i v e r  des ign. .were  

no ted .  p robab ly  t h e  g r e a t e s t  problem i s  t h a t  long  term 

performance d a t a  f o r  env i ronmenta l  exposure ,  c o r r o s i o n  f a t i g u e  and 



c r e e p l r u p t u r e  p r o p e r t i e s  under  c o n d i t i o n s  o f  wide and f r e q u e n t  

c y c l e s  of  t empera tu re  and p r e s s u r e  a r e  t o t a l l y  l a c k i n g .  A s  w i t h  

jo in ing ' ce ramics , the  t r a n s i t i o n a l  j u n c t i o n  between m e t a l s  and t h e  

f a b r i c a t i o n  o f  t h e  j u n c t i o n  i s  a  c o n t i n u i n g  problem, p a r . t i c u l a r l y  

f o r  t h e  ve ry  h i g h  t empera tu re  m e t a l s .  

Although e x o t i c ,  h i g h  t empera tu re  m e t a l s  a r e  t h e  s u b j e c t  o f  an  

e x t e n s i v e  r e s e a r c h  program, and i t  a p p e a r s  t h a t  t h e  t e m p e r a t u r e  

l i m i t  f o r  m e t a l s  i s  i n c r e a s i n g  a t  t h e  r a t e  o f  about  5 ° C  p e r  y e a r .  

~ ~ ~ i c a l l ~ ,  t h e  e x o t i c  m e t a l s  a r e  d i f f i c u l t  t o  work w i t h  and 

d i f f i c u l t  t o  j o i n  t o  o t h e r  m e t a l s ,  a l t h o u g h  powder m e t a l l u r g y  

o f f e r s  some hopes  i n  r e c e i v e r  f a b r i c a t i o n .  It was no ted  t h a t  

t h e r e  h a s  been l i t t l e  r e a l  t r a n s f e r  o f  technology f o r  h i g h  

performance m e t a l s  such a s  t an ta lum and t i t a n i u m  from t h e  chemical  

p r o c e s s  i n d u s t r y  t o  s o l a r  a p p l i c a t i o n .  

A p a r t i a l l y  non- techn ica l  problem encoun te red  i n  m e t a l  r e c e i v e r  

d e s i g n  t h e  l a c k  o f  an  a p p r o p r i a t e  s e t  o f  d e s i g n  codes  and 

m a t e r i a l s  codes .  A t  t h e  p r e s e n t  t ime when d e s i g n i n g  s o l a r  

r e c e i v e r s ,  t h e  d e s i g n e r  chooses  a  p rocedure  based  on s i m i l a r i t y  t o  

c o n v e n t i o n a l  p r e s s u r e  v e s s e l s ,  d i r e c t  f i r e d  h i g h  p r e s s u r e  b o i l e r s ,  

o r  n u c l e a r  power b o i l e r s .  E f f o r t s  towards d e v e l o p i n g  a n  

a p p r o p r i a t e  code f o r  s o l a r  r e c e i v e r s  and f o r  expanding t h e  l i s t  o f  

code c e r t i f i e d  m e t a l s  must be f o s t e r e d .  

Meta l s  a r e  most immediately a t t r a c t i v e  a s  a r e c e i v e r  m a t e r i a l  

b e c a u s e  o f  t h e  d e s i g n e r ' s  long  t e rm f a m i l i a r i t y  w i t h  them. 

However, m e t a l s  have a  v e r y  d e f i n i t e  upper  t e m p e r a t u r e  l i m i t  which 

w i l l  n o t  l i k e l y  change s i g n i f i c a n t l y  w i t h  t ime.  Also ,  t h e  e f f e c t s  

o f  c o n t i n u a l  t h e r m a l  and mechanical  s t r e s s  c y c l i n g  on t h e  m e t a l s  

s t r e n g t h  and c o r r o s i o n  performance arc c f  f c c t  i v c l y  unknown. 



Spec ia l  Coat ings f o r  S o l a r  Receivers  -- 

A number of s p e c i a l  coa t ings  f o r  use i n  s o l a r  r e c e i v e r s  have been 

deyeloped o r  proposed. As the  ope ra t ing  temperature range f o r  t h e  

r e c e i v e r  changes, t h e  degree and type of s e l e c t i v i t y  r e q u i r e d - o f  a  

coa t ing  a l s o  changes. Work done a t  JPL sugges ts  t h a t  below 600°C 

t h e  pr imary requireme'nt f o r  a  coa t ing  i s  t h a t  i t  be h ighly  

s e l e c t i v e .  In  t h e  range ,600-1200" C a  high a b s o r p t i v i t y  i s  most 

important .  For temperatures  above 1200°C t h e  coa t ing  s e l e c t i v i t y  

i s  not a s  important a s  t he  r e c e i v e r s  f o r  t hese  temperatures  tend 

t o  be of t he  c a v i t y  type. 

. . 

The performance requi red  of a  coa t ing  i s  h ighly  dependent upon 

r e c e i v e r  con f igu ra t ion .  In  t h e  Crosbyton FMDF concept t he  coa t ing  

must maintain a  high a b s o r p t i v i t y  up t o  very l a r g e  incidence 

angles  and a t  t h e  same time be a b l e  t o  endure d i r e c t  environmental 

exposure. I n  a  c a v i t y  rec.eiver a  more specu la r  coa t ing  i s  

advantageous. 

A number of coa t ings  a r e  . ava i l ab l e  which maintain t h e i r  p r o p e r t i e s  

up t o  about 800°C, but  t he  d e s i g n e r ' s  choices  a r e  l imi t ed .  SERI 

i s  p re sen t ly  adminis te r ing  an ex tens ive  research  program i n  

r e c e i v e r  coa t ing  m a t e r i a l s  and i t  i s  hoped t h a t  t h e s e  r e s u l t s  w i l l  

h e l p  broaden t h e  cho ices . ava i l ab1e .  An a t t r a c t i v e  p o s s i b i l i t y  f o r  

some metal  r e c e i v e r s  i s  t o  t ake  advantage of the  n a t u r a l l y  formed 
. , , .  . 

da rk  oxide coa t ing  developed by many meta ls  upon exposure t o  a i r .  
, . a  

Unfortunately both t h e  op ' t i ca l  and t h e  mechanical p r o p e r t i e s  of 

t h e s e  oxides have not  been adequately cha rac t e r i zed .  ,There  i s  a  

r e a l  need t o  b e t t e r  c h a r a c t e r i z e  t h e  temperat i i re  l_i,mits i n  

absorptivity/selectivity f o r  r e c e i v e r  coa t ings  a s  we l l .  
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INTRODUCTION 

The Production and Manufacturing Workshop was conducted to discuss 

topics relevant.to the production and manufacturing of con- '. 
centrating collectors. The audience consisted of manufacturers .of 

concentrating collectors, representatives of glass producers, 

persons active in concentrating collector analysis and research, 

and persons with general interest within the concentrating 

collector industry. 

The workshop was conducted as a dialogue among the participants to 

present issues that industry considered important, to facilitate 

information dissemination among the participants, and to obtain 

input to various planning efforts. This workshop was particularly 

important since there is a national plan for commercialization of 

solar technologies currently being prepared by DOE with input from 

SERI and others. Therefore, the various comments received during 

the workshop will be considered for their effect and practicality 

in assisting the commercialization of concentrator collectors. 



ISSUES FOR DISCUSSION 

To provide a basis from which to pursue discussion during the 

workshop, the meeting was open to solicit the relevant issues for 

this workshop. Following are the issues which were presented for 

consideration: 

Can the government build a market'for materials so that 
materials manufacturers would be willing to provide 
materials to the concentrating collector industry at 
discounted costs for testing and evaluation? 

Can t h e  government provide superficial markets for 
C Q I I ~ C ~ Q ~ S  SQ the industry can gain access to 
tcchnnlogies currently available (i.e., sagged glass)? 

What should be the government's role in demonstrations 
and what has been the experience of manufacturers 
regarding the demonstration program to date? 

What are the production problems that currently exist, 
and how do they relate to the flexibility needed to 
scale up to mass production? 

a ' What is considered to be mass product ion and is the 
industry ready to move into mass production? 

What incentives can be provided by the government to 
reduce the cost of collectors through mass production? 

What are the values of standards'and will they assist 
the collector industry? 

Each of these issues were generally discussed, followed by a 

detailed discussion on some of the selected issues. Following are 

some of the general .comments which focused on each of the above 

issues. 



Government-Built Material Market - 

There are various materials available today which must be tested 

and evaluated to determine their applicability to concentrating 

collectors. Additionally, there are materials which need to be . 
produced which could have a positive effect on the concentrating 

collector industry both in terms of flexibility of the material 

a.nd improved concentrator efficiency. However, because the solar 

related market for materials is not significant at this time, the 

collector industry does not get a price break on materials. The 

materials manufacturers are unwilling to provide significant 

amounts of materials for test and evaluation and/or unwilling to 

develop improved materials for collector designs in significant 

quantities.. 

To assure material manufacturers that there is a significant 

market, there is, perhaps, a role.that the government could play 

by purchasing large quantities of materials and providing them to 

the collector industry at a reduced cost due to the volume 

purchased. This could help to reduce the overall cost of 

concentrating collector systems. 

Government-Built Artificial Collector Market -- 

The technology for glass manufacturing and forming is available 

but, if these materials were made available to the collector 

industry at a reduced cost, the production of a lower cost and 

more etficient. collector unit is possible. The glass industry is 

currently operating at capacity in providing sagged glass for.car 

windshields. Since the collector market is relatively small 0.r 

non-existent at this time compared to.the auto market, they are 

'unwilling to provide this sagged glass technology to the 

concentrating collector industry. 



If the government could assist in developing an initial market 

through demonstrat ion programs or large collector prnr~~rements, 

the glass industry would be willing to provide sagged glass for 

collector manufacturing. The results of this action could help 

provide lower cost concentrating collectors which could then aid 

in the commercialization of the solar technologies. 

Demonstrations 

Demonstrations utilizing concentrating col1est;ors of various tjlr~s 

and for various appplicat ions are in progress. These 

demonstrations have been built in several locations throughout the 

United States and have included different sizes of collector 

fields. The applications addressed by these demonstrations vary 

from agricultural uses such as irrigation pumping to food 

processing and central receiver applications. 

Since the demonstrations have an impact on the numbers of 

collectors produced and consequently can have an impact on driving 

down the 'cost of collectors, there may be a role that the 

government can play and an incentive that the government can 

provide to the industry. By continuing t n  cnnduct domonctrations 

for various applications of concentSating collectors and by 

increasing sizes of collector fields, the industry can move into 

mass production and thus rerl11.c~ the collector cast. 

However, because of the overall question of the government role in 

commercialization, there seems to be ~inr~rtainty within the 

industry as tn  the effect0 of n dcrfio~isLraLion program. Mureover, 

without an experimental facility to validate design and 

optimization criteria,, the demonstration program can not achieve 

its full potential. 



P r o d u c t i o n  C o n s i d e r a t i o n s  and Problems - -- 

The low market  p e n e t r a t i o n  a t  t h i s  p o i n t  i n  t ime  p r e s e n t s  a  

problem a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  o f  c o n c e n t r a t i n g  

c o l l e c t o r s .  Also,  t h e  c o l l e c t o r  p r o d u c t i o n  t e c h n i q u e  needs  t o  

have  a  c e r t a i n  d e g r e e  o f  f l e x i b i l i t y  t o  accommodate l a r g e r  

p r o d u c t i o n  q u a n t i t i e s  i n  t h e  f u t u r e .  However, a t  t h i s  t ime  most 

o f  t h e  p r o d u c t i o n  t e c h n i q u e s  do n o t  p r o v i d e  f o r  t h i s  f l e x i b i l i t y  

b e c a u s e  t h e  m a t e r i a l s  used r e q u i r e  a  s p e c i f i c  p r o c e s s  and 

t e c h n i q u e  f o r  p r o d u c t i o n  which may become a n t i q u a t e d  a s  new 

m a t e r i a l s  become a v a i l a b l e .  

I n d u s t r i a l  r e p r e s e n t a t i v e s  e x p r e s s e d  t h e  concern  t h a t  some o f  t h e  

c u r r e n t  p r o d u c t i o n  t e c h n i q u e s  may become o u t d a t e d  and r e q u i r e  

e x t e n s i v e  c o s t  and m o d i f i c a t i o n  t o  accommodate m a t e r i a l s  t h a t  a r e  

e x p e c t e d  t o  become a v a i l a b l e  i n  t h e  n e a r  f u t u r e .  They a r e  a l s o  

concerned t h a t  by deve lop ing  a  s p e c i f i c  c o l l e c t o r  d e s i g n  based on 

e x i s t i n g  m a t e r i a l s ,  i t  may .no t  a l l o w  them t h e  f l e x i b i l i t y  t o  move 

i n t o  o t h e r  p r o d u c t i o n  t e c h n i q u e s  w i t h o u t  i n c u r r i n g  s i g n i f i c a n t  

c o s t  t o  do so .  

Mass Produc t  i o n  - Problems 

Fur the rmore ,  most  c o l l e c t o r s  a r e  produced by s o f t  t o o l i n g  o r  by 

hand.  There  i s  no c u r r e n t  m a n u f a c t u r e r  who h a s  i n v e s t e d  l a r g e  

sums o f  money f o r  mass p r o d u c t i o n  o f  c o n c e n t r a t i n g  c o l l e c t o r s .  

However, some have made a  commitment t o  do s o  and w i l l  soon be  

moving i n t o  a  h a r d  t o o l i n g  mode t o  i n c r e a s e  t h e  amount of  

c o l l e c t o r s  t h e y  can  produce.  A c o n c u r r e n t  problem t h a t  may e x i s t  

i s  t h e  a v a i l a b i l i t y  and t h e  a b i l i t y  o f  a n c i l l a r y  i n d u s t r i e s  t o  

produce m a t e r i a l s  o r  equipment r e q u i r e d  i n  t h e  p r o d u c t i o n  o f  

c o l l e c t o r s .  For  example, t h e  p r o d u c t i o n  o f  m i r r o r  s u r f a c e s ,  t h e  

p r o d u c t i o n  o f  g e a r s  f o r  t r a c k i n g  sys tems ,  o r  t h e  p r o d u c t i o n  o f  

components r e q u i r e d  f o r  c o n t r o l  sys tems ,  e t c .  One o f  t h e  g l a s s  



manufacturers present indicated that they currently have excess 

capacity that could be devoted to new production of mirrors for 

the concentrating collector industry. However, based on the 

current market demand, there is little praspect of cost reduction 

from the glass manufacturers to help reduce the cost of the 

collector systems. 

Standards 

Some of the manufacturers raised the i s s u e  of the advantages or 

disadvantage6 of providing standards for. Llle cvncentrating 

collector industry. Since the government in the past has provided 

requirements for standards, the question is whether the standards 

would be an incentive or a disincentive for the collector 

industry. The standards that were discussed included performance 

standards as well as equipment and component standards. 

DETAILED DISCUSSIONS 

Following the general comments about the above issues, there were 

primarily four issues that were selected for more detailed 

discussion. These four issues were: Industry Concerns and/or 

Problems, incentives for Consumers and Industry, Demonstration 

Projects, and Standards. 

Industry Concerns and/or problems -- 

Representatives of the glass manufacturing industry, collector and 

system manufacturers, and others present at this workshop 

discussed some.of the problems associated with mass production of 

concentrating collector systems. One of the glass manufacturers 

indicated that they currently have the production capability to 

, produc'e, larger quantities of mirrored su,rfaces. -+They are 

cdrredt ly producing about 100,000 square feet of, ilrrors per day 



and cou ld  e a s i l y  b u i l d  t o  250,000 s q u a r e  f e e t  p e r  day.  However, 

t h e  a l l o c a t i o n  o f  t h a t  m i r r o r  p r o d u c t i o n  t o  t h e ' c o n c e n t r a t o r  

c o l l e c t o r  i n d u s t r y  would be  dependent  upon a n  i n d i c a t i o n  o f  a  

s i g n i f i c a n t  demand f o r  t h e  s o l a r  c o l l e c t o r s .  

Of p a r t i c u l a r  i n t e r e s t  was t h e  s i l v e r i n g  o f  s u r f a c e s ;  cu rved  

s u r f a c e s  p a r t i c u l a r l y .  I f  t h e  i n d u s t r y  were t o  move i n t o  mass 

p r o d u c t i o n ,  t h e r e  would be  a  need f o r  au tomat ion  o f  t h e  p r o c e s s  

f o r  s i l v e r i n g  o f  m i r r o r e d  su r faces - -a  p r o c e s s  which is  c u r r e n t l y  

done manual ly .  To deve lop  t h e  au tomat ion  c a p a b i l i t y  would r e q u i r e  

t h e  d e s i g n  o f  equipment t o  perform t h i s  f u n c t i o n .  The au tomat ion  

equipment can  be  d e s i g n e d  and b u i l t  and c o u l d  p o s s i b l y  r e s u l t  i n  a  

g u a r a n t e e  o f  a  20-year l i f e  on t h e  m i r r o r e d  s u r f a c e s .  

Of major  concern  w i t h i n  t h e  i n d u s t r y  i s  a  way o f  c r e a t i n g  t h e  

demand f o r  c o n c e n t r a t i n g  c o l l e c t o r  sys tems .  I f  t h e  cus tomers  

e x i s t e d ,  t h e  i n d u s t r y  cou ld  move r a t h e r  q u i c k l y  i n t o  mass 

p r o d u c t i o n  t o  meet t h e  consumer demand. 

I n c e n t i v e s  f o r .  Consumers and I n d u s t r y  - 

I n  a d d i t i o n  t o  t h e  government purchase  o f  m a t e r i a l s ,  o t h e r  ways o f  

p r o v i d i n g  i n c e n t i v e s  t o  consumers and. t -he  i n d u s t r y  were d i s c u s s e d .  

One o f  t h e  consumer i n c e n t i v e s  sugges ted  was a  t a x  r e b a t e ,  s i m i l a r  

t o  what i s  b e i n g  proposed i n  t h e  n a t i o n a l  energy, program f o r  

h e a t i n g  and c o o l i n g .  T h i s  would i 'nclude d i r e c t  s u b s i d i e s  t o  

consumers from t h e  government by p r o v i d i n g  them a  suk o f  money t o  

p a r t i c i p a t e  Cn s o l a r ,  a  means o f  b e t t e r  f i n a n c i n g  f o r  p u r c h a s e  o f  

s o l a r  equipment by making l o a n s  a v a i l a b l e  t o  consumers a t  

f a v o r a b l e  i n t e r e s t  r a t e s ,  and a l lowance  t o  expense  t h e  s o l a r  

equipment i n  one y e a r  r a t h e r  t h a n  t h e  p r i s e n t .  r e g u l a t i o n  r e q u i r i n g  

a m o r t i z a t i o n  o v e r  a  long  p e r i o d  o f  t ime.  , 



Another way to increase consumer participation in solar is to 

provide consumer publicity or information which is in the proper 

format so that the consumer can understand it and assure that it 

is correct. It seems that many facts are thrown around regarding 

solar; particularly the costs, lifetime applications, etc., which 

cause the consumer to get a rather unclear picture or erroneous 

picture about what they can expect from solar. Proper and. 

authoritative information dissemination would be a way of 

correcting this problem. 

Among the recommendations for governmental incentives which could 

be made available to industry are funding of. programs for the 

development of advanced materials and/or production development 

techniques, the declining investment tax credit, and direct 

government buys of concentrating collector systems. 

Demonstration Projects - - 

The government has participated in demonstration programs for 

various solar technologies, including those utilizing 

concentrating collectors. The existing demonstration programs and 

those of the future are important to the industry because they 

develop a market for concentrating kollector systems. 

Additionally, demonstrations can be used as a means of bringing 

the technologies and applications to consumers by showing that 

these technologies work and have application on a wider basis. To 

get broader visibility, it might be advantageous to have many 

small demonstrations spread out throughout the country so that 

consumers could see within their "neighborhoods" that solar is 

here now and works. With large demonstration projects, the 

government can assist in ihcreasing the demand for collectors. 



Some of the attendees expressed their concern about the 

possibility of the demonstration proiects winding down. The 

demonstration programs to date have helped to bring new 

manufacturers into the industry, and the possibility of reduced 

funding for demonstrations could have just the opposite effect. 

Additionally, the demonstration projects can provide a broad base 

for data collection which, if properly disseminated,' can assist 

consumers in realistically evaluating the performance, costs, 

lifetime, and other data on how various collectors perform in 

specific regions. 

Standards 

Two opposing views were prevalent in the group. However, the 

majority sided with the viewpoint that standards in collector 

design are an evolutionary process which will be developed by the 

industry as it matures, and if imposed too quickly on a developing 

industry, can have some unpredictable and possibly negative 

effects. Standards, if too restrictive, can limit future systems 

from qualifying for industrial applications. Since there is a 

continuing need for innovative approaches, materials, and systems 
i- ' to help reduce the cost of collectors standards may limit this ' 

inauvat ion. . . 

The other viewpoint was the positive effect of design 

standardization. If such standards are not too severe and are 

properly emphasized, then they could help move the industry into 

mass production by dealing only with standardized components. 

This argument may be particularly true if the mass production 

process or tooling used can provide the necessary flexibility of 

modifications in the future. 



CONCLUSION 

\ 

I n  conc lus ion ,  t h e r e  a r e  some acknowledged manufacturing and 

product ion  problems w h i c h . e x i s t  i n  t h e  concen t r a t i ng  c o l l e c t o r  

i n d u s t r y .  However, t h e  most s i g n i f i c a n t  of t he se  i s  t h e  l ack  of 

e a r l y  market p e n e t r a t i o n  o f  what appears  t o  be a  l a r g e  market 

p o t e n t i a l .  Any .ac t ion  t h a t  can be taken by t h e  government ( i . e . , ,  . . 

i n c e n t i p e s  t o  t h e . i n d u s t r y  i t s e l f  o r  d i r e c t  i n c e n t i v e s  t o  

consumers t o  procure concen t r a t i ng  c o l l e c t o r  systems) t o  a s s i s t  

t h e  i ndus t ry  i n  reducing t h e  apparent  c o l l e c t o r  c o s t s  can h a v e ' a  

p o s i t i v e  e f f e c t  i n  t h e  near  term. 
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LINE FOCUS RECEIVER TECBMOLOGY - .--- -- 

S e s s i o n  2 ,  Group 4 

Howard Gerwin, Leader  

Sand ia  L a b o r a t o r i e s  

Albuquerque,  New Mexico 

T h i s  s u b j e c t  a r e a  was o f  i n t e r e s t  t o  a  number o f  p a r t i c i p a n t s  a t  

t h e  symposium and,  t h e r e f o r e ,  a  l i v e l y  d i s c u s s i o n  took  p l a c e  i n  

t h i s  working g roup .  A few t o p i c s  were s e l e c t e d  f o r  d i s c u s s i o n s ,  a  

summary o f  which i s  p r e s e n t e d  h e r e .  

L i n e  Focus R e c e i v e r  A p p l i c a t i o n  -- -- 

Line  f o c u s  r e c e i v e r s  a r e  employed i n  v a r i o u s  c o l l e c t o r  d e s i g n s .  

The upper  t e m p e r a t u r e  l i m i t  o f  a p p l i c a t i o n  o f  l i n e  f o c u s  r e c e i v e r s  

depends on t h e  a c t u a l  c o l l e c t o r  d e s i g n  b u t  t h e  consensus  was t h a t  

f o r  h i g h  t e m p e r a t u r e s ,  p o i n t  f o c u s  c o l l e c t o r s  may be  b e t t e r  

s u i t e d .  S e l e c t i v e  c o a t i n g  m a t e r i a l s  and h e a t  t r a n s f e r  f l u i d s  a r e  

t h e  pr imary l i m i t a t i o n s  f o r  bo th  l i n e  and p o i n t  f o c u s  h i g h  

t e m p e r a t u r e  s o l a r  sys tems .  L ine  f o c u s  c o l l e c t o r s  r e q u i r e  less 

c r i t i c a l  t r a c k i n g  and c o n t r o l  s e n s i t i v i t i e s  r e l a t i v e  t o  t h e  p o i n t  

f o c u s  c o l l e c t o r s .  For  p h o t o v o l t a i c  a p p l i c a t i o n s ,  a  l i n e  f o c u s  

r e c e i v e r  p r o v i d e s  u n i f o r m i t y  o f  c o n c e n t r a t e d  f l u x  which r e s u l t s  i n  

improved c e l l  o u t p u t .  The c o o l i n g  w a t e r ,  used i n  c a s e  of  a c t i v e  

c o o l i n g  of s o l a r  c e l l s ,  can  p rov ide  the rmal  energy f o r  secondary  

u s e .  



T r a c k i n g  R e c e i v e r s  Versus  T r a c k i n g  R e f l e c t o r s  --- 

c o n s i d e r a t i o n s  f o r  comparing which p a r t  o f  t h e  c o i l e c t o r  does  t h e  

moving c e n t e r e d . o n  t h e  hardware .  I f  f l e x i b l e  t u b e s  o r  s w i v e l  p i p e  

c o n n e c t i o n s  a r e  r e l i a b l e  i n  t h e  sys tem,  b o t h  approaches  a r e  

v i a b l e .  No f l e x i b l e ' h o s e  f a i l u r e s  were r e p o r t e d ;  however, swive l  

c o n n e c t o r  a v a i l a b i l i t y  is  c o n s i d e r e d  a  problem, e s p e c i a l l y  .above 

300°C. To make a v a i l a b l e  more d e s i g n  f l e x i b i l i t y ,  swive l  

c o n n e c t o r s  shou ld  b e  s t u d i e d  and developed f u r t h e r .  

Aboorbcr and Rcco ivor  Sagging - -- 

When r e c e i v e r  t u b e s  sag bcrwccn s u p p o r t i n g  s t r u c t u r e s  Lhe op~imum 

r e c e i v e r  f o c u s  l i n e  i s  s h i f t e d  and e n l a r g e d .  T h i s  e f f e c t  i s  

a c c e n t u a t e d  i n  t h e  e a r l y  morning and l a t e  a f t e r n o o n  because  of  t h e  

l a r g e r  i n c i d e n c e  a n g l e s  depending on o r i e n t a t i o n .  Bes ides  

g r a v i t y ,  t h e r m a l  g r a d i e n t s  a b s o r b e r  s a g .  One d e s i g n ,  u s i n g  3.8-cm 

d i a m e t e r  t u b e  on 3-m s u p p o r t s ,  had a  s a g  o f  0 .25 mm. A Sandia  

d e s i g n  had 4.1-cm t u b e s  on 3 . 7 -  s u p p o r t s  b u t  i s  b e i n g  r e d e s i g n e d  

' w i t h  c l o s e r  s p a c i n g  o f  t h e  s u p p o r t  members t o  r educe  t h e  amount: o f  

sag. 

G l a s s  Enve lopes  . '  

Nearly  a l l  l i n e a r  r e c e i . v e r  d e s i g n s  u s e  g l a s s  enve lopes  t o  r educe  

c o n v e c t i v e  conductance  l o s s e s . , . E x p e r i e n c e  a t  t h e  G i l a  Bend 

i r r i g a t  i o n  p r o j e c t  was r e p o r t e d  where iAproved performance was 

obse rved  a f t e r  g l a s s  enve lopes  were r e p l a c e d  by s e m i c i r c u l a r  

i n s u l a t i o n  on t h e  back s i d e  o f  t h e  a b s o r b e r  t u b e s .  The o r i g i n a l  

g l a s s  had been l o s i n g  t r a n s m i s s i v i t y  because  of  i n t e r n a l  m o i s t u r e  

and d u s t .  The main problem w i t h  t h e  c o n c e n t r i c  g l a s s  t u b e s  

a p p e a r s  t o  be  w i t h  t h e  end s e a l s  f o r  d u s t  and m o i s t u r e  w h i l e  s t i l l  

p r o v i d i n g  a l lowance  f o r  t h e . d i f f e r e n t i a 1  e x p a n s i o n . b e t w e e n  m e t a l  

a b s o r b e r s  and g l a s s  e n c l o s u r e s .  



I n f l a t e d  T r a n s p a r e n t  Cover .-- 

A t r a n s p a r e n t  cover  e n c l o s i n g  t h e  e n t i r e  c o l l e c t o r  shou ld  o f f e r  

s e v e r a l  advan tages  and Boeing i s  complet ing a  s t u d y  o f  t h i s  

approach.  Convection l o s s e s  a r e  though t  t o  be t h e  same a s  w i t h  

g l a s s  enve lopes  excep t  f o r  wind c o n d i t i o n s .  E s t i m a t e s  . sugges t  

t h a t  due t o  t h e  wind, t h e r m a l  l o s s e s  may i n c r e a s e . b y  a  f a c t o r  o f  

f i v e .  A s i g n i f i c a n t  advantage-  i s  t h a t  s e l e c t i v e  c o a t i n g s  and 

r e f l e c t i v e  s u r f a c e  would be  s h i e l d e d  by t h e  c o v e r  from t h e  d u s t  

and o t h e r  env i ronmenta l  e f f e c t s .  

T r a n s f e r  F l u i d  - Water Versus  O i l  --- ------ 

S i n c e  w a t e r  h a s  about  18 t i m e s  t h e  h e a t  c a p a c i t y  'of o i l ,  w a t e r  

shou ld  b e  b e t t e r .  For  h i g h  t e m p e r a t u r e  o p e r a t i o n ,  s i g n i f i c a n t  

p r e s s u r e s  a r e  t h e n  r e q u i r e d  t o  p reven t  t h e  g e n e r a t i o n  o f  steam. 

Using t h e  r e c e i v e r s  a s  b o i l e r s  was d i s c u s s e d ,  however, w i t h  mos t ly  

n e g a t i v e  comments because  o f  i n c r e a s e d  s a f e t y  concerns  p l u s  t h e  

.£.act t h a t  s,team h a s  a  lower - h e a t  c a p a c i t y .  The c r o s s  s e c t  i o n  f o r  

t h e r m a l  i n p u t  would be 1owe.r t h a n  w i t h  l i q u i d  i n  t h e  r e c e i v e r  

t u b e s .  

One s t u d y  had concluded t h a t  t h e  pumping power r e q u i r e d  i n  c a s e  o f  

o i l  exceeds  t h a t  r e q u i r e d  f o r  w a t e r  f o r  an  e q u i v a l e n t  amount o f  

h e a t  t r a n s f e r r e d .  When w a t e r  i s  used i n ' t h e  r e c e i v e r s ,  s p e c i a l  ' 

w a t e r  t r e a t m e n t  becomes n e c e s s a r y  t o  minimize c o r r o s i o n  problems.  

The w a t e r  t r e a t m e n t  need g e t s  more s i g n i f i c a n t  a t  h i g h e r  

t e m p e r a t u r e  o p e r a t i o n .  

Heat P i p e s  -- 

~ l t h o u ~ h  no e x p e r i e n c e  i n  t h e  u s e  o f  h e a t  p i p e s  i n  r e c e i v e r s  was 

s h a r e d ,  some p a r t i c i p a n t s  e x p r e s s e d  i n t e r e s t  i n  t h e  approach.  

L i g h t e r  r e c e i v e r s  might be  ob ta ined ; thus  sagg ing  might be  



reduced .  Heat p i p e  was used i n  a  p a r a b o l i c  t rough  c o l l e c t o r  used 

i n  r e s e a r c h  a c t i v i t i e s  b u t  t h e  p o t e n t i a l  f o r  h e a t  p i p e  u s e  i n  

commercial  s o l a r  c o l l e c t o r s  needs t o  be  f u l l y  e v a l u a t e d .  

C o l l e c t o r  Des ign  With Low Rim Angle R e f l e c t o r s  and Secondary - - - - ---- - -- 
C o n c e n t r a t o r s  .- 

R e l a t i v e  e f f e c t i v e n e s s  of low r i m  a n g l e  ( < 4 0 ° )  c o l l e c t o r  d e s i g n s  

i s  not c l e a r l y  unders tood .  The d i s c u s s i o n s  brought  f o r t h  t h e  

f o l l o w i n g  impor tan t  c h a r a c t e r i s t i c s  o f  such d e s i g n s :  

S m a l l e r  r e c e i v e r  t u b e s  can  be used i f  secondary 
~ U [ ~ C ~ L L L L ' ~ L U L . S  aL I5 ~ l l ~ 1 . 1 1 .  1J t . 11  ~ t k ~ l .  

Large  r i m  a n g l e s  w i l l  have l a r g e r  t o t a l  r e f l e c t o r  
s u r f a c e  a r e a  compared t o  low r i m  a n g l e  r e f l e c t o r s  of  t h e  
same a p e r t u r e  s i z e .  

With low a n g l e  and secondary c o n c e n t r a t o r s ,  h i g h e r  . 
t e m p e r a t u r e s  can be  ach ieved  s i n c e  t h e  h e a t  l o s s  may be  
reduced  more ' e f f e c t i v e l y  . 
E x t r a  o b s c u r a t i o n  o f  t h e  pr imary r e f l e c t o r  can be  
e l i m i n a t e d  by u s i n g  a  secondary  c o n c e n t r a t o r  w i t h  on ly  
b a c k s i d e  i n s u l a t i o n  e . g . ,  compound p a r a b o l i c  
c o n c e n t r a t o r  (CPC) .  

Luw L i t 1 1  a ~ l g l e  J e b i g i l ~  i~Efa;r a n  advantage for 
p h o t o v o l t a i c s  (PV) . 

S o l a r  f l u x  maps of  l i n e a r  r e c e i v e r s  c a n  be e s p e c i a l l y  u s e f u l  f o r  

P V  a p p l i c a t i o n s  because  o f  t h e  s e n s i t i v i t y  of  s o l a r  c e l l  o u t p u t  t o  

f l u x  u n i f o r m i , t y .  Thrcc  mcthodo o f  mapping were o f f e r e d :  

V a r i a b l e  c o l l i m a t i o n  and c o r r e s p o n d i n g  power 
measurement.  



Infrared scanning, but glass covers would be a problem 
because IR is not transmitted. 

. Photographic film in conjunction with a shutter to 
cont roL exposure ' t ime. 
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