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A wide variety of point-focusing concentrators are under consideration for  
Solar thermal energy use. 
concentrators d i f f e r  i n  such characterist ics a s  optical  configuration, opt ical  
materials, structure for  support  of t h e  optiaal  elements and of the receiver, 
mount, foundation, drive, and controls. 

Point-focusing concentrators need good optical  efficiency and, especially 
for  high-temperature applications, high geometric concentration ratio.  Most 
important for the f u t u r e ,  however, is low installed cost and low lifetime 
cost. Cri t ical  cost contributors for  quentity production are t h e  cost of 
materials and the cost of instal la t ion labor. 

They are reviewed briefly I n  t h i s  paper. These 

Technology development for concentrators is needed i n  such areas a s  
optical materials, establishoent of design wind speeds and wind loads 
(including array interactions) , st ructural  configurations, s t ab i l i t y  of 
s t ructural  polymeric and forest-product materials during environmental 
exposure, and cloaninq and maintenance of optical  surfaces. Especially needed 
is f ie ld  testing of complete collectors,  i .e. ,  concentrators w i t h  receivers 
and controls. 
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EXECUTIVE SUMMARY 

Point-focusing so lar  concentrators ( d i s h  concentrators) provide an 
e f f ic ien t  means of gathering solar  energy f o r  conversion to  high-temperature 
heat. "his h e a t  may e i ther  be used directly or converted further t o  
mechanical work or to  e lec t r ic i ty .  This  paper ( 1 )  outl ines basic elements i n  
which concentrator designs d i f fe r  and t h e  choices possible for  each element; 
(2) i l l u s t r a t e s  these cho!.ces w i t h  examples which consti tute a survey of 
current d ish  concentrator concepts; ( 3 )  summarizes some cost targets  for  d i s n  
concentrators and the factors that  affect  concentrator costs;  (4) summarizes 
d i s h  performance character is t ics ,  the factors t t a t  affect  them, and some 
relationships between performance and cost; and ( 5 )  points out technical 
developments needed to  a t t a in  desired cost and aerformance. 

CONCENTRATOR DESIGNS 

Table 1 (page 8)  is a summary of the character is t ics  of some current U.S. 
d i s h  concentrator conceCts; the concentrators are pictured i n  Figures 1 
through 27 (pages 14 through 40) .  As the table indicates, concentrators 
d i f fe r  i n  opt ical  configuration, optical  materials, the s t ructure  supporting 
the optical  elements themselves, the mount and foundation, drive mechanism, 
controls, and the presence or  absence of an enclosure. 

The conventional optical  configuration for  a d i s h  concentrator is a 
paraboloidal mirror. The paraboloidal shape, however, may be segmented into a 
number of large paraboloidal panels, into smaller spherical facets ,  o r ,  if the 
facet? are smaller than the desired receiver aperture, into small f l a t  
facets. Segmented mirrors need not  re ta in  the overall  paraboloidal shape: I f  
Froperly oriented, the mirror segments my be arranged i n  a f l a t  or 
cylindrical  geometry, forming a Fresnel mirror. Other variations are 
possible, such as  t h i n  cylindrical  s l a t s .  A Fresnel lens may be used instead 
of a mirror, A l s o ,  a secondary concentrator may be added to  fold the optical  
path or t o  increase the consentration. 
matter not only of optical  performance b u t  a lso of aerodynamic and s t ructural  
performance, l i fe t ime,  system maintenance, and especially cost. 

Choice amcng these configurations is 4 

The conventional material is second-surface s i l ve r  on glass. T h i s  
material is reasonably durable and has good opt ical  performance, b u t  is 
somewhat expensive, heavy, and fragi le .  Sheet metal is more easi ly  formed 
wi th  double curvature, b u t  i ts  opt ical  properties are poorer and tend to  
degr,de q u i j k l y  when the metal is exposed to  t h e  weather. Metallized 
polymeric films are Inexpensive and have f a i r  opt ical  properties; t he i r  
durabili ty is still UP "ah. For Fresnel lens concentrators, polymeric 
materials are zn obvious choice, w i t h  polymethyl methacrylate the leading 
candidate. 

To support the optical  material, there is a large selection of s t ruc tura l  
designs and materials. 
i t  can be shaped by tension or by an a i r  pressure d i f fe ren t ia l .  

The opt ical  element need not be r ig id ;  t o  save weight, 
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Dish c o n c e n t m t o r s  r e q u i r e  r o t a t i o n  abou t  two axes  to  follow t h e  sun. 
For r o t a t i o n  i n  e l e v a t i o n ,  t h e  mirror o r  l e n s  is o f t e n  suppor ted  by b e a r i n g s  
a t  the end o f  a diameter. Such e l e v a t i o n  bearings at% u s u a l l y  nlaced on  
wheeled p e d e s t a l s  which rotate i n  azimuth on a t r ack .  Concrete  p i e r s ,  o f t e n  
wi th  a c o n c r e t e  r i n g ,  are the foundat ion .  A cheaper  approach may be t o  
suppor t  t he  mirror w i t h  e l e v a t i o n  and azimuth bearings n e a r  i ts center, 
mounted on a s i n g l e  post or t r i p o d ,  which rests on a c o n c r e t e  p i e r  o r  p i e r s .  
Edge-mounting of t h e  mirror is a l s o  poss ib l e .  

Drive mechanisms may u s e  e lectr ic  or  hydrau l i c  d r i v e s  through gears, 
cha ins ,  cables, l i n e a r  a c t u a t o r s ,  o r  jacks. Performance, cost, r e l i a b i l i t y ,  
and maintenance of each remain to be determined.  Hydraul ic  d r i v e  may 
fac i l i t a te  storage of  energy  for emergency stow or  to  d r i v e  off  t h e  s u n  if 
e lec t r ica l  power fa i ls .  

To p o i n t  t h e  concen t r a to r  a t  t he  sun ,  ana log  or d ig i ta l  c o n t r o l s ,  e i ther  
open- or closed-loop,  may be used. Most c o m o n  is tracking u s i n g  su r  s en$or s ,  
t o g e t h e r  wi th  a stored ephemeris f o r  a c q u i s i t i o n  and for cloudy i n t e r v a l s .  

I n  most des igns  t h e  c o n c e n t m t o r  is i n  the open, b u t  i t  may be enc losed  
i n  a t r a n s p a r e n t  enc losu re  t o  reduce the h igh  s t r u c t u r a l  loads due to  wind and 
o ther  effects o f  weather. The enc losu re  may be suppor ted  on a framework o r  by 
d i f f e r e n t i a l  a i r  p re s su re .  Whether t h e  advan tages  of a n  e n c l o s u r e  compensate 
for t h e  o p t i c a l  loss a t  t h e  enc losu re  is a ques t ion .  

A su rvey  of c u r r e n t  d i s h  concepts  (Table  1, F i g u r e s  1-27) i n d i c a t e s  t ha t  
most of t h e  a l t e r m t i v e s  mentioned above are being t r ied .  
a t t a i n i n g  low lifetime cost i n  mass-produc t i o n  q u a n t i t i e s ,  together wi th  
adequate  performance a t  t h e  r e c e i v e r  o p e r a t i n g  t empemture .  
power, r e c e i v e r  t empera tu res  of 400 to  900°C (700 t o  1700°F) are of 
pr imary i n t e r e s t ,  w i t h  some c o n s i d e r a t i o n  of h ighe r  tempera tures  i n  t h e  
fu tu re .  Fo r  p rocess  h e a t ,  t h e  t empemture  range  is wider. 

Emphasis is o n  

For  e lectr ical  

CONCENTRATOR COSTS 

System s t u d i e s  I n d i c a t e  that c o n c e n t r a t o r s  g e n e r a l l y  w i l l  be  t h e  largest 
s i n g l e  cost s lement  i n  solar thermal  systems. 
expressed  i n  of c o n c e n t r a t o r  area. I n  us ing  such f i g u r e s  i t  is 
impor tan t  to i d e n t i Q  t h e  y e a r  t o  which t h e  d o l l a r s  refer and whether  t h e y  
r e p r e s e n t  manufac turer ’s  cost ,  f.0. b. price, i n s t a l l e d  cost, cost w i t h  
lifetime c l e a n i n g  and ma in tename ,  etc. 

Concen tmto r  c o s t  is o f t e n  

I n  mass product ion ,  t h e  cost of m a t e r i a l s  is l i k e l y  to  be t h e  most 
impor tan t  c o n t r i b u t o r  to c o n c e n t r e t o r  p r i c e .  Thus, t h e r e  is much i n c e n t i v e  t o  
minimize w e i g h t  and to use  inexpens ive  materials. I n  a d d i t i o n  t o  c o n c e n t r a t o r  
p r i c e ,  t h e  u s e r  must c o n s i d e r  t r a n s p o r t a t i o n ,  l and ,  s i t e  p r e p a r a t i o n ,  
foundat ion ,  i n s t a l l a t i o n ,  and architec t -engineer  costs. Foundat ion and 
i n s t a l l a t i o n  work, u t i l i z i n g  f i e l d  labor, can  be e s p e c i a l l y  expensive.  After 
i n s t a l l a  t l o n ,  t h e r e  w i l l  b e  costs for c l ean ing ,  maintenance,  and replacement. 
Over a d e s i r e d  lifetime o f  30 y e a r s  ( f o r  some a p p l i c a t i o n s )  t h e s e  costs can  
c o n s t i t u t e  a large f r a c t i o n  of lifetime cost. 
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A target of 100 mi l ldkW-h  ( i n  1980 dol lars)  has beerr suggested for  
e l ec t r i c i ty  produced by solar  thermal e lec t r ic  systems for  the mid-l990's, on 
the babis of both competition from fuel-fired systems and the solar power 
costs considered at ta inable  w i t h  mass production. 
costs suggests that an i n i t i a l  installed price of $90-150/m 
for the concentrators would be consistent w i t h  the e l ec t r i c i ty  cost target if 
concentrator performance and l ifetime were good. 

An exaai ation of system 
(1980 dol lars)  9 

CONaNTRATOR PERFORMANCE 

Performance of a solar concentrator may be expressed i n  terms of three 
quantit ies:  (a)  optical  efficiency and ( b )  geometric concentration r a t io  a t  
( c )  a given intercept factor. 
and geometric concentration r a t io ,  throufth t h e  intercept factor. Typical 
optical  eff ic iencies  are 0.8 to  0.95; typical intercept factors  are greater 
t h a n  0.9; and typical geometric concentration ra t ios  fo r  d i s h  concentrators 
are  100 t o  3000. The geometric concentration r a t i o  needed depends upon the 
temperature to  be generated. 
sat isfactory for  low temperature use, but  w i l l  lead to  low system efficiency 
a t  h igh  temperatures. The temperature needed depends upon t h e  application: 
If mechanical work or e lec t r i c i ty  is required, high operating temperatures 
w i l l  be desirable for  e f f ic ien t  conversion of heat t o  work and e l ec t r i c i ty ,  
and a high geometric concentration r a t io ,  therefore, w i l l  be preferred. 

There is a trade-off between optical  efficiency 

Low geometric concentration r a t io s  may be quite 

The geometric concentration r a t i o  attainable a t  a given intercept factor 
depends principally upon t h e  focal r a t io ,  slope errors ,  specularity,  and 
pointing error  of t h e  concentrator opt ical  surface. Slope errors  of t he  
surface (deviations from t h e  ideal shape) have a strong ef fec t  upon the 
a t t a i i l a b l e  concentration and may be introduced during design, during 
ins ta l la t ion ,  by manufacturing deviations, by s t ructural  or thermal 
deflections, and by dis tor t ion due to  aging or weathering. 

The efficiency of a solar  thermal power system, t h e  cost of the  
e l ec t r i c i ty  or heat produced, and the csp i ta l  cost of the equipment are 
strongly influenced by concentrator performance. 
more concentrator area w i l l  be needed if the concentrator performance is low. 
Therefore, a reduction i n  cost per square meter of concentrator area 
accompanied by B significa:it decrease i n  concentrator performance may increase 
t h e  required capital  investment and the cost of the e l ec t r i c i ty  produced. A 
concentrator needs to  have not only low cost per u n i t  area bu t  a lso 
performance adequate for  the application. For some applications, an optical  
efficiency of 0.90 to  0.93 w i t h  a geometric concentration r a t i o  of 2000-2500, 
a t  an intercept factor of 0.98, is suggested as a target. 

For a given plant output, 

TECHNOLOGY DEVELOPNNT AND TESTING 

The state-of-the-art is indicated by t h e  concepts shown i n  Table  1 and 
the i l lus t ra t ions  of various concentrators. To obtain concentrators w i t h  low 
cost and good performance, e f for t  is needed to  develop ,tnd improve concentrator 
concepts and designs, manufacturing and ins ta l la t ion  me ;hods , and maintenance 
methods. Also needed are technology development and testing. 
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One area i n  which development is needed is t h e  concep t ion  and a n a l y s i s  of 
o p t i c a l  c o n f i g u r a t i o n s  that may lead to  lower cost or better performance, 
t a k i n g  i n t o  account  the imper fec t ions  that occur  i n  a l l  real concen t r a to r s .  
Another impor tan t  area is that of o p t i c a l  materials: improvements in mirror 
r e f l e c t i v i t y ,  i n c r e a s e  i n  d u r a b i l i t y ,  and decrease i n  cost. Examination and 
t e s t i n g  of polymeric  m a t e r i a l s  for  mirror s u b s t r a t e s  and for l e n s e s  is 
e s p e c i a l l y  d e s i r a b l e ,  w i t h  a t t e n t i o n  t o  o p t i c a l  performance, d u r a b i l i t y  and 
s t a b i l i t y ,  and f o r m a b i l i t y  of both bulk  m a t e r i a l s  and f i lms.  T ranspa ren t  
p r o t e c t i v e  c o a t i n g s  are a l s o  needed. 

The govern ing  l o a d s  on c o n c e n t r a t o r  s t r u c t u r e s  tend t o  be wind loads. 
Work is needed on s e l e c t i o n  of t h e  wind c o n d i t i o n s  t o  be used for  des ign  and 
on t h e  aerodynamics of concen t r a to r s .  New s t r u c t u r a l  c o n f i g u r a t i o n s  need t o  
be examined for  lower cost. 
d e s i g n s  under wind l o a d i n g  should be examined. 
products  may offer p o s s i b i l i t i e s  for reducing  t h e  cost of c o n c e n t r a t o r  
s t r u c t u r e s ,  b u t  t e s t i n g  is needed to  de termine  t h e i r  dimensional  and 
mechanical  s t a b i l i t y  for t h e  long  ou tdoor  exposures  which c o n c e n t r a t o r s  must 
wi ths tand .  
p r o t e c t  c o n c e n t r a t o r s .  For t h i s  approach ,  o p t i c a l  and mechanical  p r o p e r t i e s ,  
d u r a b i l i t y ,  low cost,  and ease of f a b r i c a t i o n  of t h e  e n c l o s u r e  material have 
to  be  e s t a b l i s h e d .  

Dynamic behavior  of both new and conven t iona l  
Polymeric  m a t e r i a l s  and forest 

A d i f f e r e n t  approach is t h e  development of t h i n  e n c l o s u r e s  to  

FIELD TESTING 

T a b l e  1 shows that many d i s h  c o n c e n t r a t o r  concep t s  e x i s t  on paper ,  b u t  
few have been b u i l t  and tested. Cons t ruc t ion ,  f i e l d  t e s t i n g ,  and e v a l u a t i o n  
of c o n c e n t r a t o r s  are c r u c i a l  t o  f u r t h e r  p rogres s .  Inc luded  i n  t h e  e v a l u a t i o n  
should  be c o n c e n t r a t o r  performance before and af ter  s e v e r a l  years' exposure t o  
t h e  weather.  
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SECTION I 

IUTRODU CTION 

Point-focus;?q solar concen t r a to r s  ( d i s h  concen t r a to r s )  p rov ide  a n  
e f f i c i e n t  and OJnvenient means of g a t h e r i n g  solar energy f o r  convers ion  t o  
high-temperature hea t .  T h i s  h e a t  may either be used d i r e c t l y  o r  converted 
f u r t h e r  f o r  mechanical hork or to e l e c t r i c i t y .  

T h i s  paper o u t l i  ea  ba.sic des ign  elements  of d i s h  c o n c e n t r a t o r s  that may 
differ  f r o m  concen t r a to r  t o  c o n c e n t r a t o r ,  i n d i c a t e s  some of t h e  cho ices  
poss ib l e  f o r  each element , and illustrates these choices w i t h  examples 
selected from c u r r e n t  concen t r a to r  des ign  concepts .  These examples a l s o  
c o n s t i t u t e  a survey  of present-day U.S. d i s h  c o n c e n t r a t o r s  showing t h e  
s ta te -of - the-ar t .  Next, t h e  paper  slrmmarizes some cost targets f o r  d i s h  
concefi t ra tors  and t.he f a c t o r s  that determine t h e  costs, d i s h  performance 
characteristics and some f a c t o r s  that affect them, and e r t a i n  r e l a t i o n r h i p s  
between c o s t  and performance. F i n a l l y ,  t h i s  paper p o i n t s  o u t  some t e c h n i c a l  
d e v e l o p e n t s  needed t o  a t t a i n  des i red  cost and performance. 
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SECTION I1 

CONCXNTRATOR DESIGNS AND DEVELOPMENT 

A wide v a r i e t y  of  d i s h  c o n c e n t r a t o r s  have been proposed, and a f a i r  
number have been b u i l t .  
c o n f i g u r a t i o n ,  o p t i c a l  material, s t r u c t u r e  and material s u p p o r t i n g  the  o p t i c a l  
element,  r e c e i v e r  suppor t ,  mount, foundat ion,  d r i v e ,  c o n t r o l s ,  and use of 
enclosure.  I n  this s e c t i o n  t h e s e  characteristics are o u t l i n e d  and discussed 
b r i e f l y ,  with i l l u s t r a t i o n s  and examples chosen p r i m a r i l y  from c o n c e n t r a t o r s  
being developed under t P 3  S o l a r  Thermal Power Systems P r o j e c t  a t  t h e  Jet 
Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology. This  p r o j e c t  is 
p a r t  of the  o v e r a l l  program of  the Solar Thermal Technology Div i s ion  of t h e  
U.S. Department o f  Energy and is sponsored by that d i v i s i o n  through an 
agreement wi th  the Na t iona l  Aeronautics and Space Adminis t ra t ion.  

They differ i n  such charactsristics as o p t i c a l  

E a r l i e r  work on the  p r o j e c t  is d i scussed  i n  References 1 through 6. 
P r i n c i p a l  characteristics of  t h e  c o n c e n t r a t o r s  mentioned i n  t h i s  paper are 
summarized i n  Table  1. 

A. OPTICAL CONFIGURATIONS 

A point-focusing d i s h  may use  the  convent ional  pa rabo lo ida l  mirror, or 
i n d i v i d u a l  r e f l e c t i n g  p e t a l s  or facets which approximate a p a r a b o l o i d a l  
su r f ace .  
are no t  much smaller than  t h e  d i s h  i tself ,  t h e y  w i l l  need t o  be p a r a b o l o i d a l  
t o  provide a good geometric c o n c e n t r a t i o n  ratio (Figs .  1-7).  (Concentrat ion 
r a t i o  is d i scussed  below.) If many small facets are used, high c o n c e n t r a t i o n  
can be obtained w i t h  s p h e r i c a l  facets (Figs .  8-11). 
than  t h e  r e c e i v e r  a p e r t u r e ,  good concen t r a t ion  ratios can be obtained with 
f l a t  facets (Figs .  12-13). Other  v a r i a t i o n s  are poss ib le ,  such as narrow 
slats: f l a t  i n  one d i r e c t i o n ,  c y l i n d r i c a l l y  curved i n  a n o t h e r  (F ig .  14). 

I f  a f a i r l y  small n m b e r  of petals or facets are used, so that they  

I f  the  facets are smaller 

The d i s t i n c t i o n  between faceted and F r e s n e l  mirrors is not  sharp.  With 
p rope r ly  o r i e n t e d  facets, there is no need t o  ma in ta in  the  o v e r a l l  
pa rabo lo ida l  shape. The facets can be placed on a f l a t  suppor t  forming t h e  
classical F r e s n e l  mirror ( F i g s .  1 2 ,  15 and Ref. 411, on a suppor t  of f l a t  
s e e e n t s  (Fig.  131, on a c y l i n d r i c a l  support  (F ig .  161, etc. T h i s  may have 
s t r u c t u r a l ,  aerodynamic, cost, or other advantages.  A disadvantage is t h a t  
each facet t ends  t o  block t h e  l i g h t  t o  or from ad jacen t  facets (Fig .  15) 
u n l e s s  gaps are left  between them. 
t h e  concen t r a to r .  

Such gaps reduce t h e  e f f e c t i v e  a p e r t u r e  of 

A concen t r a to r  may u t i l i z e  a l e n s  rather than a mirror. To minimize t h e  
t h i c k n e s s ,  o p t i c a l  a b s o r p t i o n ,  and weight, a F r e s n e l  l e n s  is needed (F igs .  17, 
18 and Ref. 42). Lens c o l l e c t o r s  p l ace  t h e  r e c e i v e r  (and power conversion 
equipment l o c a t e d  w i t h  t h e  r e c e i v e r )  closer to  t h e  ground d u r i n g  o p e r a t i o n  
than do reflectors; this may be advantageous for maintenance. Also, i n  a l e n s  
c o n c e n t r a t o r ,  t h e  r e c e i v e r  and its s u p p o r t s  do not block t h e  s u n l i g h t .  
performance of some F r e s n e l  l e n s e s  is  much less s e n s i t i v e  t o  s l o p e  e r r o r s  than 
that of mirrors. On the  o t h e r  hand, l e n s e s  have chromatic a b e r r a t i o n .  Also, 
l e n s e s  are limited t o  a somewhat l onge r  focal ra t io  ( f o c a l  l e n g t h l d i a m e t e r )  
t han  mirrors; t h i s  may lead t o  longe r  and heav ie r  r e c e i v e r  s u p p o r t s  and t o  a 
higher  mount t o  provide ground c l ea rance .  

The 
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A c o n c e n t r a t o r  need not  c o n s i s t  o f  a single o p t i c a l  element ( m i r r o r  o r  
l e n s ) .  
concen t r a to r .  
(Fig. 1 9 ) .  
c o n c e n t r a t o r ,  which may save  weight and c o s t .  
weight-saving i n  t h e  suppor t  of the  r e c e i v e r  and power convers ion  subsystem 
and p lace  these subsystems closer to  the ground. A secondary (or ter t iary)  
mirror or l e n s  may be used to  provide  a d d i t i o n a l  c o n c e n t r a t i o n  o r  t o  i n c r e a s e  
t h e  i n t e r c e p t  f a c t o r  above t h a t  provided by t h e  primary a l o n e  (F igs .  20-22). 
A disadvantage  o f  compound c o n c e n t r a t o r s  is t h e  l o s s  a s s o c i a t e d  w i t h  
r e f l e c t i o n  o r  t r ansmiss ion  a t  t h e  a d d i t i o n a l  o p t i c a l  e lements .  Reference 44 
discusses compound c o n c e n t r a t o r s  i n  more detai l .  

Second and a d d i t i o n a l  e lements  can be used ,  forming a compound 
A secondary mirror may be employed t o  f o l d  t he  o p t i c a l  p a t h  

This pe rmi t s  s h o r t e n i n g  t h e  p o i n t a b l e  s t r u c t u r e  of t h e  
Fo ld ing  may also permit  

One o t h e r  o p t i c a l  c o n f i g u r a t i o n  tha t  should be mentioned is t h e  s p h e r i c a l  
Because t h e  sun is always on i ts  o p t i c a l  a x i s ,  t h e  m i r r o r  need no t  be mir ror .  

po in ted ;  i n s t e a d ,  t he  r e c e i v e r  can be moved t o  match the  sun ' s  motion. A 
s p h e r i c a l  m i r r o r ,  however, p rov ides  on ly  a poor approximation of a p o i n t  
focus ,  and a s p h e r i c a l  bowl is g e n e r a l l y  corisidered to  p rov ide  a l i n e  focus  
a long  t h e  a u n l i n e ,  rather tnan  a po in t  f o c u s  (Fig.  23) .  

B. OPTICAL MATERIALS 

The classical o p t i c a l  material f o r  s o l a r  c o n c e n t r a t o r s  is second-surface 
s i l v e r  on glass (Figs.  4 ,  5, 7-12, 14 ,  23 ) .  Th i s  is reasonably  du rab le  b u t  
somewhat expensive ( e s p e c i a l l y  i f  the  glass is curved) ,  h e a v i e r  than  some 
a l t e r n a t i v e s ,  and fragile.  Aluminum on glass seem t o  have no advantage over  
s i l v e r  f o r  solar concen t r a to r s .  Its h ighe r  reflectance i n  t h e  u l t r a v i o l e t  
does not  compensate f o r  its lower r e f l e c t a n c e  i n  t h e  i n f r a r e d ,  which c o n t a i n s  
much more of t h e  solar energy. 
i n  second-surface mirrors; t h e r e f o r e ,  very  t h i n  low-iron glass is favored. 

O p t i c a l  a b s o r p t i o n  by the  glass is impor tan t  

F i r s t - s u r f a c e  glass mirrors do not  i n c u r  o p t i c a l  losses i n  the glass, b u t  
a n  exposcd f r o n t  surface of s i l v e r  o r  aluminum does not  wi ths tand  weather 
well. Hence, a p r o t e c t i v e  c o a t i n g  is needed over  t h e  r e f l e c t i v e  l aye r .  

Hetsl s h e e t  has t h e  advantage of easy f o r m a b i l i t y  t o  doubly-curved 
sh?;ies. 
f i n i s h ,  have been used f o r  d i s h  c o n c e n t r a t o r s  (Fig.  1 ) .  Ca re fu l  f a b r i c a t i o n  
techniques  are needed t o  a t t a i n  a good o p t i c a l  con tour ,  and the s u r f a c e  t ends  
t o  l o s s  its s p e c u l a r i t y  and r e f l e c t a n c e  upon exposure t o  weather. 

P a w l s  of po l i shed  aluminum shee t ,  g e n e r a l l y  w i t h  a n  anodized s u r f a c e  

Polymeric  films are a t t r a c t i v e  f o r  m i r r o r s  because of t h e i r  low c o s t  
(Figs .  2, 3 3  6 ,  13, 1 6 ,  24-27). A vapor-depooi ted aluminum c o a t i n g  is t h e  
usua l  r e f l e c t i n g  l a y e r  (F igs .  2 ,  3 ,  6,  24-27). T h i s  may be f i r s t - s u r f a c e ,  
second-surface,  o r  sandwiched between two polymer l a y e r s .  A p r o t e c t i v e  
coating is used over  f i r s t - s u r f a c e  aluminum, so t h e  d i s k i n c t i o n  between 
first-surface and sandwich is i n d e f i n i t e .  S l lve r -coa ted  polymeric  f i l m  is n o t  
commercially produced b u t  is being  i n v e s t i g a t e d  (F igs .  13, 1 6 ) .  
t h e  =$_st conmon polymer (F igs .  3,  6 ,  13, 24-26); ac ry l i r ?  (Fig.  2) and 
polycarbonate  (Fig.  16)  are a lso  being t r i e d .  
exposure to  u l t r a v i o l e t  l i g h t .  
o therwise  exposed, a d d i t i v e s  or s p e c i a l  g r a d e s  are needed t o  reduce 
yel lowing.  
q u e s t i o n  and is the  subject of a c t i v e  work. 

P o l y e s t e r  is 

P o l y e s t e r  t e n d s  t o  ye l low under 
If p o l y e s t e r  is o u t s i d e  t h e  aluminum l a y e r  or 

The long-time d u r a b i l i t y  o f  a l l  polymeric  mirrors is open t o  
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For l e n s e s ,  polymers are l ighter  than  glass and much easier t o  form to  
There is shape. 

ev idence  that, i f  p rope r ly  formula ted ,  t h i s  a c r y l i c  r e t a i n s  adequate  
t r ansmi t t ance  du r ing  exposure t o  weather ,  b u t  it is n o t  known whether its 
s u r f a c e s  degrade seve re ly .  

Polymethyl methacry la te  is a l e a d i n g  c a n d i d a t e  (F ig .  18). 

Many secondmy c o n c e n t r a t o r s  o p e r a t e  a t  h igh  temperatures .  Aluminum is 
being tried f o r  a secondary mirror (Fig.  22). 
expansion may be s u i t a b l e  f o r  secondary l e n s e s .  

Glass w i t h  low thermal 

C. MIRROR/LENS SUPPORT STRUCTURE 

The o p t i c a l  element itself can be supported i n  a number o f  ways. 
mirror may be p laced  on a cont inuous  s t r u c t u r a l  backing of metal (F igs .  2 ,  6 ,  
131, c e l l u l a r  glass (F igs .  4 ,  8, l o ) ,  polymeric material ( o f t e n  r e i n f o r c e d ;  
F igs .  1,  3, 4 ,  12, 1 4 ) ,  or wood (Fig.  3). The backing may be monocoque, 
sandwich, s t i f f e n e d  by i n t e g r a l  or s e p a r a t e  r i b s ,  or suppor ted  by t russwork.  
Wires i n  t e n s i o n  may be used a s  p a r t  of t h e  suppor t ing  framework. 
s t r u c t u r a l  framework is used,  t he  o p t i c a l  element may be r i g i d  enough t o  
suppor t  i t s e l f  between t h e  s t r u c t u r a l  members (rig. 51,  o r  i t  may be f l e x i b l e ,  
he ld  i n  shape by t ens ion  (F ig .  13). 
o r  s t r e t c h e d  over  a frame (Fig.  18). The monocaque s t r u c t u r e ,  frames, o r  
wires may i n  t u r n  be supported by s p a r s  or r i n g s  which t r ansmi t  t h e  l o a d s  t o  
t h e  e l e v a t i o n  bea r ings  and d r i v e .  

A 

If a 

Lenses  t o o  can be monocaque o r  suppor ted  

Some d e s i g n s  suppor t  the r e f l e c t o r  o r  l e n s  by a p e r i p h e r a l  s t r u c t u r a l  
r i n g ;  t h e  o p t i c a l  element i t se l f  may be r i g i d  o r  may be f l e x i b l e ,  held i n  
t ens ion  by s t r e t c h i n g  t h e  element a c r o s s  t h e  r i n g  o r  by a p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  t h e  element.  T h i s  p r e s s u r e  d i f f e r e n t i a l  can be maintained 
by pumping a i r  o u t  of t h e  space between the reflector membrane and a c l o s u r e  
(F igs .  24-27). 

D. RECEIVER SUPPORT 

A s t r u c t u r e  is also needed t o  suppor t  t h e  receiver and t h e  equipment 
loca t ed  w i t h  i t ,  such as a power conversion subsystem. Various d e s i g n s  u s e  
t e t r a p o d s ,  t r i p o d s ,  bipods,  and monopods. Cons ide ra t ions  f o r  des ign  i n c l u d e  
r i g i d i t y  t o  hold t h e  r e c e i v e r  a c c u r a t e l y  in p o s i t i o n ,  b locking  and shadowing 
of t h e  l i g h t ,  and d i s t o r t i o n s  of  t h e  r e f l e c t o r  o r  l e n s  by g r a v i t y  and wind 
l o a d s  of t he  r e c e i v e r  and power convers ion  equipment. The l a t t e r  
cons ide ra t ion  f avor s  c a r r y i n g  t h e  r e c e i v e r  and power convers ion  loads d i r e c t l y  
t o  t h e  e l e v a t i o n  bea r ings  and d r i v e  (F igs .  9 ,  12 ,  14 ,  231, rather than  through 
t h e  m i r r o r / l e n s  suppor t  structure. 

E. MOUNT AND FOUNDATION 

Dish solar c o n c e n t r a t o r s  most commonly use azimuth-elevat ion ("az-el") 
mounting. 
s.?em t o  have l i t t l e  advantage i f  the  c o n t r o l  subsystem i n c o r p o r a t e s  s u n  
tracking or computer c o n t r o l ,  as is usua l ly  t h e  case. I n  some f ace t ed  
des igns ,  p o i n t i n g  about one axis is provided by r o t a t i n g  the c o n c e n t r a t o r  and 
po in t ing  about  t h e  o t h e r  axis by r o t a t i n g  i n d i v i d u a l  facets (Figs. 1 4 ,  16). 

Equa to r i a l  mounting is sometimes employed (F igs .  2 ,  5, 26)  bu t  
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Rota t ion  i n  e l e v a t i o n  can be provided by bear ings  near  t h e  c e n t e r  of t he  
o p t i c a l  element (F igs .  1, 2 ,  4 ,  6 ,  7 ,  9, 10, 251, a t  ends of a diameter (F igs .  
3, 8, 11, 12 ,  18, 24, 26, 27) o r  near  a n  edge (Figs .  5, 1 6 ) .  Many des igns  
have used t runn ion  bea r ings  a t  t h e  ends of a diameter, but  t h e  a l t e r n a t i v e  
approaches show promise of  lower cost. through reducing  t h e  s ize  and weight of 
t h e  mount. 
wind loads and s i m p l i f y i n g  maintenance, w i t h  perhaps t he  d isadvantage  of  
i n c r e a s i n g  t h e  exposure of o p t i c a l  s u r f a c e s  t o  wind-blown sand  and d u s t .  
Because i t  is d i f f i c u l t  t o  balance moments w i t h  edge-mounting, t h e  loads on 
t h e  d r i v e  mechanism are h i g h e r ,  so t h e  mechanism m u s t  be larger and may 
r e q u i r e  more maintenance. I n  some mount des igns ,  counterweights  are used t o  
h e l p  balance g r a v i t y  moments. 

Edge-mounting keeps t h e  c o n c e n t r a t o r  lower t o  t he  ground, reducing  

With mounting a t  end p o i n t s  of  a diameter o r  a t  an edge, t h e  e l e v a t i o n  
bear ings  and o p t i c a l  element are u s u a l l y  suppor ted  on p e d e s t a l s  provided w i t h  
wheels f o r  azimuth r o t a t i o n ,  runn ing  on a metal o r  c o n c r e t e  track, and w i t h  a 
c e n t e r  p i v o t  t o  take s ide l o a d s  (F igs .  3, 8,  11,  18) .  Center mounts also may 
u s e  wheels on a track (Fig.  1). The foundat ion  des ign  depends on t h e  s o i l  a t  
t h e  s i te .  For  most s o i l  c o n d i t i o n s ,  t h e  track is supported by c o n c r e t e  p i e r s  
o r  a conc re t e  r i n g ,  and the p ivo t  by a s e p a r a t e  c o n c r e t e  p i e r .  A l t e r n a t i v e l y ,  
a conc re t e  foundat ion  pad may be used. 

With center -  o r  edge-mounting o f  t h e  e l e v a t i o n  p o r t i o n  of t h e  
c o n c e n t r a t o r ,  t h e  e l e v a t i o n  bea r ings  may be suppor ted  by a t r ipod  or a pos t  
(F igs .  2, 4-7, 9 ,  1 0 ) .  The azimuth bea r ing  is  near  t h e  t o p  of t h e  t r i p o d  01- 

near  t h e  t o p  or bottom of t h e  pos t .  
s i n g l e  azimuth bea r ing  a t  its c e n t e r  (F igs .  1 2 ,  1 4 ,  24, 25).  A t r i p o d  may u s e  
p i e r s  or  a pad for foundat ion;  a pos t  or ground-level  bea r ing  may use a S i n g l e  
p i e r .  Cos ts  of the  foundat ion and mount are very  s i g n i f i c a n t  c o n t r i b u t o r s  t o  
t h e  c o s t  o f  t h e  concen t r a to r ;  s i n g l e  pos t  and p i e r  c o n s t r u c t i o n  g e n e r a l l y  
appears  t o  be cheapest, a t  least  f o r  c o n c e n t r a t o r s  of  moderate and small s i z e .  

A yoke mount t oo  may be rotated on a 

F. DRIVE 

For d r i v i n g  a concen t r a to r  about  two axes ,  a wide v a r i e t y  of  gear, c h a i n  
(F igs .  1, 5, 9 ,  1 4 )  and cable (F igs .  3, 11, 1 4 ,  18, 27 )  arrangements  have been 
proposed, as well as l i n e a r  a c t u a t o r s  and jacks (F igs .  2 ,  4 ,  5, 7-9, 25) .  The 
source  of  mechanical motion is g e n e r a l l y  an e lectr ic  motor,  b u t  o c c a s i o n a l l y  a 
hydrau l i c  device  has been considered (Fig. 25 ) .  Using h y d r a u l i c  d r i v e  w i t h  a 
pneunat ic  accumulator s i m p l i f i e s  emergency s towing o r  d r i v e  o f f  t he  sun  if 
electrical  power fa i l s .  

G. CONTROLS 

P o i n t i n g  may be preprogrammed and open-loop, u s i n g  a s o l a r  ephemeris 
table o r  func t ion  g e n e r a t o r ,  or may be t r a c k i n g ,  through sun s e n s o r s  and a 
c losed  c o n t r o l  loop. Concent ra tors  wi th  t r a c k i n g  c o n t r o l s  u s u a l l y  u t i l i z e  an 
ephemeris t o  p o i n t  tfle c o n c e n t r a t o r  approximate ly  i n  t h e  sun ' s  d i r e c t i o n  t o  
permit  use of sensors with  l i m i t e d  f i e l d  of view and also t o  main ta in  
approximate p o i n t i n g  when a cloud cove r s  t h e  sun. 
data are stared and e x t r a p o l a t e d  i n  l i e u  of  an ephemeris (F igs .  8, 10, 1 4 ) ,  o r  
a clock is used ( F i g s .  1, 11). Tracking  c o n t r o l  may be analog, d i g i t a l ,  o r  
hybrid;  the ephemeris is provided digi ta l ly .  

Sometimes p a s t  t r a c k i n g  

If m u l t i p l e  d i s h e s  are used for 
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a power system, po in t ing  c o n t r o l  may be implemented a t  t h e  i n d i v i d u a l  d i s h ,  
c e n t r a l l y  f o r  t he  whole system, o r  p a r t i a l l y  c e n t r a l l y  and p a r t i a l l y  a t  t h e  
d i sh .  For  d ig i ta l  c o n t r o l ,  a micro-processor a t  t h e  d i s h  or c e n t r a l  s t a t i o n  
o r  a r ini-computer  a t  t h e  c e n t r a l  s t a t i o n  may be used. Dish p o i n t i n g  c o n t r o l  
may be i n t e g r a t e d  wi th  o t h e r  p o r t i o n s  of the  system c o n t r o l s ,  such as c o n t r o l  
of power conversion and power cond i t ion ing  subsystems. Sun s e n s o r s  for 
t r a c k i n g  may s e n s e  either the d i r e c t  incoming s u n l i g h t  or  the  focused s u n l i g h t  
a t  t h e  r e c e i v e r .  
errors due t o  d e f l e c t i o n s  of  t h e  r e c e i v e r  r e l a t i v e  t o  the primary o p t i c a l  
e lement ,  bu t  r e q u i r e s  s e n s o r s ,  such as thermocouples ,  t h a t  can wi ths t and  high 
tempera tures ,  o r ,  a l t e r n a t i v e l y ,  beam a t t e n u a t i o n .  Sensors  of incoming 
s u n l i g h t  are u s u a l l y  some type  of p h o t o e l e c t r i c  device .  

Sens ing  t h e  focused  s u n l i g h t  p rov ides  automatic n u l l i n g  of 

H. ENCLOSURE 

Because wind loads are such an impor tan t  f a c t o r  i n  d i s h  c o n c e n t r a t o r  
des ign ,  there is some advantage i n  enc los ing  t h e  c o n c e n t r a t o r  so that i t  is 
no t  exposed t o  wind. A t r anspa r r r l t  polymer f i l m  is a n  obvious cho ice  f o r  t h e  
enc losure .  
expensive enc losure .  Fi lm o r  glass can be supported by a r ig id  framework; 
f i l m  may be  supported i n s t e a d  by an air  p r e s s u r e  d i f f e r e n c e  provided by a 
small pump (Fig.  24) .  The enc losu re  a l s o  p r o t e c t s  the  o p t i c a l  element from 
blowing sand ,  h a i l ,  r a i n ,  ice,  ar.d snow. If the incoming a i r  is f i l tered,  
accumulat ion o f  d u s t  on t h e  s u r f a c e  is reduced. The enc losu re  w i l l  a l s o  
reduce incoming u l t r a v i o l e t  l i g h t ,  which c o n t r i b u t e s  v e r y  l i t t l e  t o  t h e  t o t a l  
energy c o l l e c t a b l e  and may cause  deg rada t ion  of polymers used i n  c o n c e n t r a t o r  
o p t i c s  . 

Glass could a l s o  be used,  bu t  would probably  lead t o  a more 

On t h e  o t h e r  hand, t h e r e  w i l l  be  s i g n i f i c a n t  t r ansmiss ion  and r e f l e c t i o n  
losses a t  the  enc losu re ,  and there may be a problem i n  f i n d i n g  a s u i t a b l e  
polymeric f i l m  f o r  its cons t ruc t ion .  
n e g l i g i b l e ,  and p recau t ions  must be t aken  t o  a s s u r e  that t h e  concen t r a t ed  beam 
does not burn a hole  i n  t h e  enc losu re  i f  t he  c o n c e n t r a t o r  is poin ted  s l i g h t l y  
off-sun. Also, t h e  enc losu re  w i l l  be  much larger than  t h e  pr imary o p t i c a l  
element: I f  washing is necessary  t o  keep o p t i c a l  s u r f a c e s  c l e a n ,  t h e  c o s t  o f  
washing t h e  large enc losu re  is l i k e l y  t o  be more than  t h e  cost of washing a 
smaller unenclosed r e f l e c t o r  o r  l e n s .  

The cost of  t h e  enc losu re  is no t  

I. STATE-OF-THE-ART 

F igures  1 through 14 ,  1 6 ,  18, and 24 through 27 i l l u s t r a t e  t y p e s  of d i s h  
c o n c e n t r a t o r s  r e c e n t l y  or c u r r e n t l y  r e c e i v i n g  a t t e n t i o n  i n  United States, 
most ly  under U.S. Department of Energy sponsorsh ip .  Only a few have been 
b u i l t  and tested; o t h e r s  are i n  v a r i o u s  stages of  design.  T h e i r  s t a t u s  is 
i n d i c a t e d  i n  Table 1, t o g e t h e r  w i t h  estimates of t he i r  p r i n c i p a l  t e c h n i c a l  
characteristics. Curren t  emphasis is on low lifetime c o s t  f n  volume 
product ion  w i t h  adequate  performance a t  t h e  r e c e i v e r  o p e r a t i n g  tempera ture .  
For  electricah power product ion ,  i n t e r e s t  c e n t e r s  around r e c e i v e r  tempera tures  
of 400 t o  900 C (700 t o  1700 F ) ,  w i t h  some c o n s i d e r a t i o n  of h ighe r  
tempera tures  for t h e  f u t u r e .  For  i n d u s t r i a l  p rocess  heat, t h e  t empera tu re  
range  is broader.  

As t h e  f i g u r e s  and t h e  table show, a wide v a r i e t y  of  concepts  are being 
considered.  New, i nnova t ive  concep t s  con t inue  t o  be in t roduced .  
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Figure 1.  Qmium-G Concentrator 
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Figure 3. General Electric Concentrator 
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Figure 6. Boeing Concentrator 
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Figure 7 .  JPL Heliostat Adaptation 
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Figure 10. Advanco Concentrator 





Figure 12. Sol-Trac Concentrator (Listed In Table 1 under 
designer, Edsel Chmmle) 
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Flgure 13. Univers i ty  of Arizona Concentrator 
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Figure 15. Sketch of  Fresnel Mirror Concentrator (Note blocking of 
l igh t  a t  facet edges. ) 
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F i g u r e  16. Sun Power F r e s n e l  C o n c e n t m t o r  
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F l a r e  17. Sketch of Fmanel Leas Concentrator 
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Figure 18. E-Systems Fresnel Concentre t o r  
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Figure 19. Coapound Concentrator Using Secondary Concentrator to Fold 
Optical Path (Cassegrainian Configuration) 
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Figure 20. barpound Concentm tor Using Secondary Concentrator 
to Increase Concentration 
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Figure 24. Boeing Enclosed Concentla tor 
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Figure 27. MI Concentrator 
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SECTION I11 

CONCENTRATOR PERFORHANCE AND COST 

The desirabi l i ty  of low concentrator cost has been mentioned. Low-cost 
concentrators, however, mus t  have performance adequate for  the application. 
Therefore, both cost and performance must be considered. 

A .  PERFORMANCE 

The performance of a solar  concentrator may be expressed i n  terms of t h e  
flux dis t r ibut ion (absolute u n i t s )  i n  its focal plane. 
or a table. I t  is often more convenient t o  expres s  t h e  performance a s  three 
numbers: 
a t  ( c >  a given intercept factor. The opt ical  efficiency is  the r a t i o  of the 
solar  energy d e l i v e r e d  to  t h e  receiker to  t h e  direct  so la r  energy incident on 
the concentrator aperture. The optical  efficiency is equal t o  the product of 
the reflectance of the mirror (o r  transmittance of t h e  i ens) ,  t h e  shadowing 
and blocking factor due to  Qbjects i n  t h e  optical  path, and the intercept 
factor. The intercept factor is the r a t io  of  the energy entering the receiver 
aperture to the concentrated energy reaching t h e  focal plane. The geomet-ic 
concentration r a t io  is the rar;io of t h e  Concentrator aperture area to the 
receiver aperture area. 

This  requires a graph 

( a )  the optical  efficiency and (b) t he  eeometric concentration r a t i o  

There is a trade-off between optical  efficiency and geometric concen- 
t ra t ion r a t io  through the intercept factor.  For a given concentrator, a s  the 
receiver aperture is  increased, the intercept factor and therefore the optical  
efficiency also w i l l  increase. The increase i n  receiver aperture (decrease i n  
geometric concentration r a t io )  w i l l  increase losses f ros  the aperture by 
reradiation and convection. Usually intercept factors of 0.9 o r  higher are  of 
in te res t ;  occasionaily, lower intercept factors may be optimum. Typical 
optical  eff ic iencies  are 0.8 t o  C.95. 
sometimes acceptable; higher eff ic iencies  are always desirable i f  not too 
costly. 

Lower optical  eff ic iencies  are  

The geometric concentration r a t i o  needed to  provide reasonable performance 
of the col lector  (concentrator p l u s  receiver) increases w i t h  the receiver 
temperature. A t  high temperatures, where reradiation bec mes very i q o r t a n t ,  
a small receiver aperture (high geometric concentration r a t io )  is especially 
de,sirsble. A s  Figure 288 indicates,  a concentrator providing a low geometric 
concentration ra t io  may be quite sat isfactory for low temperatur5 use and 
unsuitable (very ineff ic ient)  for  high temperatures. The need for  high 
temperatures, and therefore high geometric concentration ra t ios ,  depends upon 
t h e  application. If the solar  energy system produces heat for industrial  
processing, the demands of the process w i l l  determine t h e  r e q u i r e d  
teaperature. If t h e  system produces mechanical or e lec t r i ca l  power, t h e  
temperature mus t  be high enough to  prbvide adequate h e a t  engine efficiency. 
Heat engine efficiency inc;.eases w i t h  increasing engine inlet  temperature 
because of the Second Law of Thermodynamics. There is, therefore, a receiver 
temperature a t  which the system efficiency is a maximum (Fig. 28b). As the 
figure shows, t h e  position of t h e  maximum varies strongly w i t h  t h e  geometric 
concentration r a t i o  and also depends upon engine character is t ics  (Fig. 29). 
Engine selection w i l l  greatly influence t h e  choice of receiver temperature 
and, hence, the geometric concentration r a t io  needed. 
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F i e u r e  28. Effect of Geometric Concentration Ratio and Receiver 
Temperature on Collector and System Efficiency 
(Idealized System) 

a )  

b) 

Collector (concentrator p l u s  receiver) efficiency. 
Insoht ion  ( so l a r  f lus) 5 800 W / d  
Focal r a t io  = 0.6 
Optical efficiency = 1.0 
Cavi ty  receiver 
Absorptivity = emissivity = 1.0 
Receiver loss: only remdiation through aperture 

System efficiency. 
Engine i n l e t  temperature = receiver temperature 
Fower conversion effectiveness (efficiency a s  

No other losses 
f ract ion of Carnot) = 0.5  
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Figure 29. System Efficiency Versus Receiver Temperature w i t h  Engines of 
Differing Characteristics 

Effectiveness (percent of Carnot efficiency) of Brayton 

Effectiveness of Rankine and S t i r l i ng  engines is 

Insolation ( so la r  f lux) = 800 W/m2. 
Focal r a t io  = 0.6. 
Reflectivity = 0.95. 
Blocking and shadowing factor = 0.967. 
Specularity = 0.5 mad ( 1 ~ ) .  
Slope error = 2.2 mrad ( 1  u). 

engines r i s e s  w i t h  i n l e t  temperature. 

approximately independent of i n l e t  temperature. 

Geometric concentration r a t i o  optimized a t  each temperature (receiver aperture 
adjusted) using Aparisi approximtion (Refs. 46-48) for f l u x  distribution. 

Cavity receiver. Effective absorptiv1t.y = 0.982. Effective emissivity = 0.998. 
Receiver convective + conductive heat t.ransfer coefficient = 7J.6 W 0 C  m2 
of aperture area. Temperature drop, rece!.ver to  engine = 20°C (36OF). 

Brayton  engine eff ic iencies  per Ref. 45; efficiency of a l ternator  + r e c t i f i e r  
taken = 0.92. 
conversion efficiency versus temperature for Rankine and S t i r l i ng  engines. 
The numerical value of t h e  effecLiveness, however, depends upon the par t icular  
engine. Power conversion effectiveness = 0.5 is assumed here. Power process- 
ing efficiency = 0.95. 

A fixed effectiveness may represent the variation of power 
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The geometric concentration r a t i o  attainable a t  a given intercept factor 
principally depends upon t h e  focal r a t io  (focal length/diameter), s l o p e  
errors ,  specularity,  and pointing error  of the concentrator optical  surface. 
Wi th  a paraboloidal ref lector  and a cavity receiver, the geometric 
concentration r a t i o  a t  a fixed intercept factor is highest a t  a focal r a t i o  of 
0.5 to 0.6; longer and short%- focal ra t ios  lower t h e  concentration rat io .  
Slope errors of the concentrator surface (deviations from t h e  nominal shape) 
have a strong effect  upon the at ta inable  concentration: 
t h i s  for point-focusing paraboloids. Slope errors may be introduced during 
design, by manufacturing deviations, during shipping or ins ta l la t ion ,  by 
s t ructural  or thermal deflections, and by dis tor t ion due to  aging or 
weathering. 
errors ,  b u t  h a l f  as great for  the same angular spread of the mirror. Pointing 
errors tend to lower the geometric concentration r a t io  a t ta inable  a t  a given 
intercept factor by moving the solar image off the receiver aperture; i n  most 
tracking concentrators t h e y  a re  less l imiting than a re  slope errors.  Typical 
geometric concentration ra t ios  for point-focusing solar  thermal systems are  
100 to  5000. 

Figure 30 i l l u s t r a t e s  

Imperfect specularity has an e f fec t  similar t o  that  of slope 

B. COST 

System s t u d i e s  indicate t h a t  the cost of concentrators generally w i l l  be 
the largest  single cost  element i n  solar  thermal systems produced i n  quantity 
and hence w i l l  have a major e f fec t  upon the cost of the energy produced (Fig. 
31; Ref 49). Therefore, concentrator costs  must be considered carefully. 

Many factors a f fec t  the cost of a concentrator. I n  mass production, the 
cost of m t e r i a l s  is l i k e l y  to be most important. Thus, there is much 
incentive to  minimize t h e  weight of materials and to  use inexpensive 
materials. Tooling, direct  and indirect  labor, manufacturer's general and 
administrative expense, marketing and dis t r ibut ion costs,  and prof i t  
contribute to  the se l l ing  price.  The cost of cap i ta l ,  tax provisions, e tc . ,  
have significant effects.  The user also m u s t  consider transportation, land, 
s i t e  preparation, foundation, and instal la t ion expenses. Foundation and 
instal la t ion work, involving f ie ld  labor, can be especially expensive and 
needs to  be  minimized. There may be architect-engineer costs  for design and 
supervision of site ins ta l la t ion ,  and costs f o r  construction management. 
Costs of permits and environmental impact statements may be included. After 
ins ta l la t ion ,  there w i l l  be costs for cleaning, maintenance, and replacement 
of parts;  these can be very significant i n  determining the l ifetime cost. 
There also w i l l  be operating expenses. 

When only a feu concentrators are being produced, the re la t ive  
significance of cost elements w i l l  be different  than  for  quantity production. 
Design and development costs  may have to  be amortized, tooling costs  may be 
very  important, and fabrication labor costs may be high re la t ive  t o  material 
costs. A concentrator des ign  in t ended  for mass production, therefore, w i l l  
probably need to be modified for economlcal production i n  limited quant i t ies ,  
and vice versa. 

2 Concentrator costs are often expressed i n  $/m of aperture area. I n  
using such figures, i t  is important t o  ident i f l  the year to which the dol la rs  
refer  -- 1980 dollars are not the same as 1975 dol lars  -- and whether t h e  
number represents manufacturer's cost ,  f.0.b. price,  instal led cost ,  cost  w i t h  
l i fe t ime cleacing and maintenance, etc.  S u r t h e r ,  i t  is not meaningful t o  
conpare concentrators on the basis of $/m u n l e s s  the i r  performance is the 
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Figure 30. Geometric Concentration Ratio Attainable for Paraboloidal 
Mirror a s  a Function of Slope Error and Intercept Factor 

Focal Ratio = 0 . 6 .  
Angular standard deviation of sunlight taken a s  2.3 mad. 
Slope error is given a s  standard deviation, w i t h  specularity 

Aparisi approximation (Refs. 46 through 48) used for  flux 
included in zlope error. 

distribution. 

No pointing error. 
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Figure 31. Distribution of Capital Costs for Solar Thermal 
Power Plant (Projected) 

System type: dish-Brayton electric. 
Production rate: 
Plant size: 5 MW,. 

Based on data i n  Ref. 49 .  

25,000 concentrator modules per year. 
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same. I t  is better to  s t a t e  $/m2 w i t h  accompanying values of geometric 
concentration r a t io ,  intercept factor ,  arid optical  efficiency, and even be t te r  
to  use a cost/performance value such a s  $/kWt-h or $/MBtu fo r  net t h w m a l  
energy in to  t h e  receiver. 
requires that the receiver temperature a l s o  be specified, a s  well as the 
economic assumptions ( in te res t  and inf la t ion  rates, e tc . ) .  

(kWt-h s t a n d s  for  thermal kW-h.) Even ttiis vethod 

A target of l e s s  than 100 mills/kWe-h (e lec t r ica l  kW-h) has been suggested 
for  e l ec t r i c i ty  produced by solar thermal e lec t r ic  systems for  use i n  t h e  
mid-199O1s, on the basis of both t h e  price needed to  meet competition from 
fuel-fired systems and the costs considered possible to  n t t a i n  i n  mass 
production by-tht time (Ref. 50). T h i s  cost target is a levelized bus bar 
energy cost (BBEC) i n  1980 dol lars ;  t h e  corresponding l t r e a G v e l i z e d  cost" 
(BBEC,) in constant ("real") dollars is 50 mi1ls;kWe-h. (BBEC assumes that 
costs i n f l a t e ,  b u t  that the e l ec t r i c i ty  produced w i l l  be sold or  va lued  a t  a 
constant mills/kW-h ra te  despite inf la t ion.  
e lec t r ic i ty  w i l l  be sold or valued a t  a price which r i s e s  w i t h  the general 
level of infiation. For f u r t h e r  explanation and assumptions used ,  see 
Reference 51.) 

BBEC, assumes that  t h e  

An examination of solar thermal ower system costs  suggests t h a t  an  9 i n i t i a l  installed price of $90-150/m ( i n  1980 dol la rs )  fo r  t h e  
concentrator would be consistent w i t h  the e l ec t r i c i ty  cost t a rge t ,  given t h e  
following conditions: a concentrator optical  efficiency of 0.90 t o  0.93, a 
geometric concentration r a t io  of 2000 to  2500 a t  an intercept factor of 0.98, 
and a l ifetime of 30 years. Figure 32 indicates how t h e  cost of e l ec t r i c i ty  
produced varies w i t h  t h e  optical  efficiency and concentrator cost. Figure 33 
shows the e f fec ts  of geometric concentration r a t i o  on t h e  cost cf e lec t r i c i ty  
produced. 
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Figure 32. Effects of Concentrator Cost and Optical Efficiency Upon Cost 
of Electr ic i ty  Produced (Projected) 

Geometric concentration r a t io  = 2500 a t  intercept factor = 0.98. 
Receiver temperature = 912OC (1675OF). 
Power conversion efficiency = 0.342 (Brayton er.gine, 

Power processird efficiency = 0.95. 
Required concentrator area varies inversely w i t h  optical  

Influence coefficient re la t ing e l ec t r i c i ty  cost to  

directly-driven al ternator) .  

efficiency . 
concentrator cost  based on Ref. 49. 
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Figure 33. Effect of Geometric Concentration Ratio Upon Cost of Electr ic i ty  
Produced for  Various Receiver Temperatures (Projected) 

Conceqtrator cost = $ g o d .  
aaseline optical  efficiency = 0.90. 
Baseline geometric concentration r a t i o  is t h e  g~ometr ic  concentration 

r a t i o  a t  receiver temperature of 912OC (1675OF). 
Concentrator s L p e  error such tha t  baseline geometric concentration 

r a t io  is obtained a t  intercept factor of 0.98. 
Receiver aperture adjusted to  maximize collector efficiency for  

each temperature and slope error.  
Engine efficiencies per Ref, 45. (Below 650OC, variation w i t h  

temperature p e r  Ref. 52. Brayton engine, directly-driven 
al ternator .  1 Alternator + r e c t i f i e r  efficiency = 0.92. 

Power processing efficiency = 0.95. 
Required concentrator area varies inversely with optical  efficiency 

and power conversion efficiency. 
Required s ize  of power conversion subsystem varies inversely w i t h  

power conversion efficiency. 
P l a n t  casts assumed t o  be otherwise independent of temperature. 
Influence coefficients relating e l ec t r i c i ty  cost to concentrator and 

Costs i n  1980 dollars.  
receiver costs based on Ref. 49. 
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SECTION I V  

TECHNOLOGY DEVELOPFENT 

The state-of-the-art is i l l u s t r a t e d  by the  concep t s  shown i n  Table 1 and 
F igures  1 through 27. To o b t a i n  c o n c e n t r a t o r s  w i t h  lower c o s t  and good 
performance, e f f o r t  is needed i n  t h e  areas o f  c o n c e n t r a t o r  concep t s  and 
des igns ,  manufacturing and i n s t a l l a t i o n  methods, and maintenance methods. 
Technology development and t e s t i n g  are a l s o  desirable. 
d i scussed  i n  t he  following paragraphs ,  as are the  technology requi rements  
needed i n  c e r t a i n  cases to  gu ide  t h i s  development. 

Work i n  these areas is 

A. OPTICAL CONFIGURATIONS 

A s  mentioned above, a number o f  o p t i c a l  c o n f i g u r a t i o n s  have been 
i d e n t i f i e d  as of p o s s i b l e  i n t e r e s t  f o r  po in t - focus ing  s o l a r  c o n c e n t r a t o r s  , and 
new c o n f i g u r a t i o n s  con t inue  t o  be proposed. 
performance has been done, b u t  more is needed. 
non-paraboloids are References 2 ,  19 ,  41, and 53 through 56.) The q u a n t i t y  t o  
be c a l c u l a t e d  is t he  f l u x  d i s t r i b u t i o n  i n  t he  focal r e g i o n ,  on a n  a b s o l u t e  
scale, when t h e  governing characteristics are va r ' ed  pa rame t r i ca l ly .  S lope  
e r r o r s  and o t h e r  p r o p e y t i e s  of real o p t i c a l  components must be inc luded  among 
these c h a r a c t e r i s t i c s .  

Some a n a l y s i s  o f  t h e i r  o p t i c a l  
(Some examples for 

B. OPTICAL MATERIALS 

Improvements i n  t h e  r e f l e c t a n c e  o f  s o l a r  mirrors prov ide  an e q u i v a l e n t  
pe rcen t  improvement i n  the performance and cos t - e f f ec t iveness  o f  
concen t r a to r s .  
l i m i t a t i o n  t o  c o n c e n t r a t o r  lifetime. Improvements i n  performance, c o s t ,  and 
lifetime, t h e r e f o r e ,  are needed. 

D u r a b i l i t y  of the r e f l e c t i n g  l a y e r  can r e p r e s e n t  a major 

Glass is the  convent iona l  material for t h e  s u b s t r a t e  o r  s u p e r s t r a t e  o f  
mirrors, as well as  f o r  l enses .  The use  o f  polymeric o p t i c a l  materials f o r  
mirror s u p e r s t r a t e s  and l e n s e s  may reduce c o n c e n t r a t o r  c o s t .  Development of  
polymer f i l m s  and s h e e t s  w i th  ti.gh o p t i c a l  performance,  high r e s i s t a n c e  t o  
weather, and f o r m a b i l i t y  is needed. T ranspa ren t  polymeric  o r  i n o r g a n i c  
coatings may provide  means o f  making f i r s t - s u r f a c e  m i r r o r s  p r a c t i c a l  for 
concen t r a to r s .  If t h i s  can be done, t h e  p o s s i b i l i t i e s  o f  u s ing  r e f l e c t i v e  
l a y e r s  depos i ted  on metal s u b s t r a t e s  a l s o  should be examined. 

Better polymeric edge s e a l a n t s  and polymeric o r  i n o r g a n i c  backing materials 
are needed t o  i n c r e a s e  the  weather - res i s tance  o f  second-surface glass mi r ro r s .  

C. WIND LOADS AND AERODYNAMICS 

I n  most cases, aerodynamic wind l o a d s  are the major loads on c o n c e n t r a t o r  
s t r u c t . - m s .  A t  p r e s e n t ,  t h e  basic wind speed for concent ,*a tor  s u r v i v a l  is 
u s u a l l y  s p e c i f i e d  as 90 or 100 mph a t  a h e i g h t  o f  30 f t  o r  150 km/h a t  10 m. 

- 51 - 



The basic wind speed for  d i s h  o p e r a t i o n  u s u a l l y  is s p e c i f i e d  as  50 km/h (30 0 1  

40 apk) a t  t h e  same h e i g h t .  S i n c e  
t h e  wind loads vary as t h e  square  of t h e  speed,  t h e  exar?t cho ice  of wind speed 
is important .  The h i g h e r  cost of a c o n c e n t r a t o r  des igned  to wi ths tand  h ighe r  
wind speeds  must be t r aded  a g a i n s t  t h e  h ighe r  r i s k  o f  f a i l u r e  or t h e  lower 
a v a i l a b i l i t y  of power a?d lower annual  energy ou tpu t  i f  a lower wind speed is 
used for t h e  d i s h  design.  
p r o b a b i i i t i e s  f o r  v a r i o u s  geographic  areas and types  of sites where t he  
c o n c e n t r a t o r s  may be used-  He igh t  s p e c i f i c a t i o n  is a l s o  a factor:  Should 
c o n c e n t r a t o r s  be designed t o  pzrmi t  u se  on top  of t a l l  b u i l d i n g s  where t h e  
wind speed is higher  than near  t he  ground? 

Other  v a l u e s  may be s p e c i f i e d  for s towing ,  

T h i s  trade-off should c o n s i d e r  the  wind 

The ANSI s t anda rd  (Ref. 57) and n a t i o n a l l y  used b u i l d i n g  codes cover  gust  
l o a d s  by apply ing  a m u l t i p l i c a t i o n  factor t o  t h e  l o a d s  p r e s c r i b e d  for c o n s t a n t  
wind v e l o c i t y .  T h i s  s t anda rd  may be i n a p p r o p r i a t e  for d i s h  c o n c e n t r a t o r s  
because they  tend to be much less r i g i d  than  b u i l d i n g s ,  and t h e i r  dynamic 
response should be taken  i n t o  account .  To c a l c u l a t e  t h i s  response ,  one must 
have as i n p u t  t h e  frequency spectrum of t h e  wina tu rbu lence  and i t s  v a r i a t i o n  
w i t h  d r r ec t io t i .  Appropr ia te  s e l e c t i o n  of t h e s e  v a l u e s ,  therefore, is 
necessary.  

S e v e r a l  i n v e s t i g a t i o n s  have shown t h a t  f o r  he l ios ta t s ,  enc losu re  domes, 
and f l a t  p h o t o v o l t a i c  p a n e l s ,  wind speeds  and loads  are qignif:car?tly reduced 
by us ing  a r r a y s  of these d e v i c e s  and by wind breaks  (wind f ences ) .  S i n c e  wind 
loads are c r i t i ca l  t o  d i s h  c o n c e n t r a t o r s ,  i t  is advantageous t o  take advantage 
of such a r r a y  and fence  effects  t o  reduce  t h e s e  loads .  A c a r e f u l  examinat ion 
o f  a v a i l a b l e  data may l e a d  t o  e s t ab l i shmen t  of  less s t r i n g e n t  wind load 
requirements  when wind f e n c e s  are used around a r r a y s .  

A limited amount o f  work h a s  been done on c o n c e n t r a t o r  aerodynamics 
(Rnf. 58); more work is needed. 
des ign-spec i f  i c  and somewhat complex. Valuable  informat  i o n ,  however, could  be 
obta ined  by examinat ion o f  s i m p l i f i e d  c o n c e n t r a t o r  shapes.  These should no t  
be  conf ined  t o  r e p r e s e n t a t i o n s  of p a r a b o l o i d a l  d i s h e s ,  bu t  should cove r  o t h e r  
geometries such as F r e s n e l  r e f l e c t o r s  and l e n s e s ,  e n c l o s u r e s ,  etc. The 
placement of t h e  c o n c e n t r a t o r s  w i th  r e s p e c t  t o  t h e  ground p lane  and t h e i r  s i z e  
r e l a t i v e  t o  t h e  boundry l a y e r  t? i ickness  w i l l  be impor tan t  pa rame t r i c  
v a r i a b l e s .  Both computer-aidea a n a l y s i s  and wind tunne l  testing appea r  
appropr i a t e .  

The  shapes  o f  a c t u a l  c o n c e n t r a t o r s  w i l l  be 

D. ENVIRONMENTAL REQUIREMENTS - PRECIPITATION, S A N D ,  AND SEISMIC 

The expected amounts of snow, ice, and seismic a c t i v i t y  vary widely from 
p lace  t o  p lace .  Geographic d i s t r i b u t i o n s  of these q u a n t i t i e s  should b e  
combined wi th  estimates of t h e  l i k e l y  geographic  d i s t r i b u t i o n  of 
poin t - focus ing  solar c o n c e n t r a t o r s  t o  e s t a b l i s h  requi rements  for  l o a d s  due t o  
snow, i ce ,  and se i smic  a c t i v i t y .  A c o n s i d e r a t i o n  i n  de te rmining  these 
requirements  w i l l  b e  t h e  tolerable r i s k  of failure.  A s imilar approach is 
needed for  h a i l ,  a hazard t o  o p t i c a l  e l e s e n t s  e s p e c i a l l y .  

Another set of environmental  requi rements  t h a t  needs  to  be better de f ined  
is thet p e r t a i n i n g  t o  wind-blown sand and d u s t ,  which can damage or dArty 
o p t i c a l  s u r f a c e s .  The a p p r o p r i a t e  requi rements  w i th  r e s p e c t  t o  p a r t i c l e  size 
or  mass dls t r ibu t :on ,  v e l o c i t y  d i s t r i b u t i o n ,  and v a r i a t i o n  wi th  h e i g h t  above 
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t h e  p o u n d  are not  clear and need to be  determined,  a s  well as ,  pe rhaps ,  such 
characterist ics as  par t ic le  shape,  composi t ion,  and a d h e s i v e  p r o p e r t i e s  under 
v a r i o u s  c o n d i  t i m s  . 

E. STRUCTURAL CONFIGURATIONS 

New s t r u c t u r a l  c o n f i g u r a t i o n s  for c o n c e n t r a t o r s  may lead t o  s i g n i f i c a n t  
Analys is  of t h e  performance and c o s t s  of r e d u c t i o n s  i n  c o n c e n t r a t o r  costs. 

novel  and more convent iona l  t y p e s  of concentra:or s t r u c t u r e s  is desirable. 
Such analysis shouid c o n s i d e r  deflectims produced by g r a v i t y ,  wind loads, and 
d i f f e r e n t i a l  thermal  expansion;  t h e s e  d e f l e c t i o n s  w i l l  g e n e r a l l y  degrade 
optical  performance. Dynamic effects arise f r o m  wind g u s t s  and d r i v e  
mechanisms; these effects may be impor tan t  i n  de te rmining  s t r u c t u r a l  f a i l u r e ,  
optical  performance, and s t a b i l i t y  and accuracy of t h e  p o i n t i n g  c o n t r o l  
loops.  S t r u c t u r a l  dynamics and their i n t e r a c t i o n s  w i t h  optics and c o n t r o l s ,  
therefore, should be i n v e s t i g a t e d .  

F. STRUCTURAL HATERIALS 

Them is i n t e r e s t  i n  t h e  p o s s i b i l i t y  of u s i n g  polymeric materials and 
fores t  p r o d u c t s  ( w o o d  and,  perhaps, pape r )  i n  c o n c e n t r a t o r  s t r u c t u r e s  t o  
reduce costs. Dimensional s t a b i l i t y  and s t a b i l i t y  of mechanical p r o p e r t i e s  of 
these m a t e r i a l s  under  long-term exposure t o  weather are no t  adeqastely known 
and need to be determined more a c c u r a t e l y .  

G.  ENCLOSURES 

Enclosures  of t h i n  polymeric f i lm offer  a way t o  p r o t e c t  c o n c e n t r a t o r s  
f r o m  t h e  weather and t h u s  a l l e v i a t e  effects of wind, snow, ice,  h a i l ,  and 
u l t r a v i o l e t  exposure. T h i s  could lead to  major r e d u c t i o n s  i n  c o n c e n t r a t o r  
cost i f  s a t i s f a c t o r y  e n c l o s u r e s  can be developed. Enclosures  may be suppor ted  
by a i r  p r e s s u r e  or by s t r u c t u r e .  A n a l y t i c a l  and wind-tunnel data on e n c l o s u r e  
response to  wind loading are a v a i l a b l e  (Ref. 59); f i e l d  measurements also 
would be u s e f u l .  A d d i t i o n a l  a n a l y t i c a l  and wind t u n n e l  work could be done, 
i n c l u d i n g  effects o f  i n t e r a c t i c n s  between e n c l o s u r e s  and between wind f ences  
and enc losu res .  

A v a r i e t y  of materials properties a l s o  need t o  be eva lua ted  for  
enc losu res .  These i n c l u d e  t h e  fol lowing:  t h e  cost of t h e  material and of 
e n c l o s u r e  f a b r i c a t i o n  and deployment; op t i ca l  q u a l i t y  a s  affected by i n t r i n s i c  
m a t e r i a l  p r o p e r t i e s ,  by f i l m  f a b r i c a t i o n  and e n c l o s u r e  f a b r i c a t i o n ,  and by t h e  
environment;  t h e  s t r e n g t h ,  toughness ,  f l e x i b i l i t y ,  and d e n s i t y ;  t h e  mechanical 
d u r a b i l i t y ;  t h e  effects of long-term exposure t o  wea the r ;  t h e  effects o f  
e l e v a t e d  tempera tures  ( a r i s i n g ,  for  example, from concent ra ted  s u n l i g h t  
impingira  upon t h e  e n c l o s u r e ) ;  and so i l ing  and c l e a n i n g .  Op t i ca l  l o s s e s  to  be 
considered inc lude  those due t o  s u r f a c e  geometry, s u r f a c e  r e f l e c t i o n ,  
a b s o r p t i o n ,  r e f r a c t i v e  index non-uniformit ies ,  bulk and s u r f a c e  s c a t t e r i n g ,  
and soil a b s o r p t i o n  and s c a t t e r i n g .  
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Important  as i t  is f o r  c o n c e n t r a t o r s  g e n e r a l l y ,  c l e a n i n g  and its 
associated costs (d i scussed  i n  t h e  n e x t  paragraphs)  are even more impor t an t  
when an e n c l o s u r e  is used, since t h e  s u r f a c e  of the  e n c l o s u r e  w i l l  be 
cons ide rab ly  l&.Ser t h a n  t h e  o p t i c a l  s u r f a c e  of the c o n c e n t r a t o r  i f se l f .  

H. MAINTENANCE AND UEANING 

L i t t l e  work has been done on t h e  development of maintenance t echn iques  for 
poin t - focus ing  c o n c e n t r a t o r s .  
exper ience  i n  o t h e r  a p p l i c a t i o n s  is probably adequate .  
e lements ,  e f for t  t o  develop  maintenance t echn iques  appea r s  worthwhile. 
Accumulation of a i r -bo rne  p a r t i c u l a t e s  m.d aerosols on t h e  op t ica l  s u r f a c e s  
causes  u n d e s i r a b l e  a b s o r p t i o n  and s c a t t e r i n g ,  a d v e r s e l y  a f f e c t i n g  
performance. 
been exper ienced . )  Na tu ra l  c l e a n i n g  (e.g., by r a i n )  and t h u s  t h e  n e t  
accumula t ion  are s t r o n g l y  mater ia l -dependent  as  well as s i te -dependent .  Net 
accumulat ion is most s e r i o u s  for  sof t  polymers and least s e r i o u s  for  glass. 
An unde r s t and ing  of adhes ion  mechanisms should  lead to  development of  more 
c o s t - e f f e c t i v e  c l e a n i n g  methods. Cons ide ra t ions  i n c l u d e  mechanical  damage t o  
t h e  s u r f a c e  by c l e a n i n g  and possible  effects of  residual c l e a n i n g  a g e n t s  on 
material ag ing .  It also should  be p o s s i b l e  t o  deve lop  material sys tems ( b u l k  
materials, s u r f a c e  t r ea tmen t s ,  and c o a t i n g s )  which have reduced t e n a c i t y  f o r  
s o i l  o r  which are s e l f - c l e a n i n g .  

For  such  components as  the d r i v e  mechanism, 
For  t h e  o p t i c a l  

(Opera t ing  e f f i c i e n c y  losses i n  excess  of 30% have sometimes 

I ,  TECHNOLOGY DEVELOPMENT UNDERWAY 

Work is c u r r e n t l y  underway on m o s t  of t h e  technology mentioned above. 
Some of these effor ts  are directed p r i m a r i l y  toward d i s h  c o n c e n t r a t o r s .  
are aimed p r i m a r i l y  toward he l io s t a t s ,  parabolic t rough ( l i n e - f o c u s i n g )  
c o n c e n t r a t o r s ,  p h o t o v o l t a i c s  o r  other types  of equipment. Work i n  t h e  
materials area is be ing  undertaken as p a r t  of a U S .  Department of  Energy p l an  
for  development of solar  energy materials. Much, however, remains t o  be done 
on almost a l l  of t h e  problems mentioned. 

Some 
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SECTION V 

FIELD TESTING 

Host important  i n  t h e  development o f  po in t - focus ing  c o n c e n t r a t o r  
technology is t h e  f i e l d  testing and e v a l u a t i o n  o f  complete c o n c e n t r a t o r s .  
Without such testing, development o f  c o n c e n t r a t o r  technology,  c o n c e n t r a t o r  
des igns ,  and c o n c e n t r a t o r  f a b r i c a t i o n  techniques  w i l l  be s e v e r e l y  handicapped. 
P r e f e r a b l y ,  c o n c e n t r a t o r s  should be tested w i t h  r e c e i v e r s  o r  o t h e r  foca l -po in t  
equipment instrumented t o  record t h e i r  performance. Tests should i n c l u d e  
e v a l u a t i o n  o f  performance before  and a f te r  exposure t o  s e v e r a l  y e a r s  of 
weather. Unfor tuna te ly ,  only a few poin t - focus ing  c o n c e n t r a t o r s  of c u r r e n t  
i n t e r e s t  have y e t  been f i e l d  tested (Table 1 ) .  
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SECTION VI 

SUHMARY 

A wide v a r i e t y  of  po in t - focus ing  c o n c e n t r a t o r s  have been proposed and are 
i n  v a r i o u s  stages of concept ion ,  des ign ,  and development. They d i f fe r  i n  
o p t i c a l  c o n f i g u r a t i o n ,  i n  optical  materials, i n  suppor t  structure for t h e  
o p t i c a l  element and t h e  r e c e i v e r ,  i n  mount, foundat ion ,  d r i v e ,  and c o n t r o l s ,  
and i n  t he  use  of enc losures .  
summarized i n  Tab le  1 and i l l u s t r a t e d  i n  F i g u r e s  1 through 27. 

A number o f  d e s i g n s  o f  c u r r e n t  i n t e r e s t  are 

Concent ra tor  performancz may be measured i n  terms of optical  e f f i c i e n c y  
and geometric concen t r a t ion  ratio.  O p t i c a l  e f f i c i e n c y  is t h e  product  o f  
mirror reflectance, t h e  shadowing/blocking f a c t o r ,  and t h e  i n t e r c e p t  factor. 
The geometric cor,?-$ration ra t io  a t t a i n a b l e  a t  a g iven  i n t e r c e p t  f a c t o r  
depends upon t h e  o p t i c a l  s l o p e  e r r o r s  and t h e  s p e c u l a r i t y  of t h e  mirror. 
geometric concen t r a t ion  ra t io  needed depends s t r o n g l y  upon t h e  des ign  
temperature  o f  t h e  r e c e i v e r ,  which i n  t u r n  depends upon the  a p p l i c a t i o n  and on 
the  subsystem selected f o r  convers ion  o f  thermal t o  mechanical o r  electrical 
energy.  

The 

Concent ra tor  costs are important  i n  de te rmining  t o t a l  system c o s t s  and t h e  
Material c o s t s  and foundat ion  and i n s t a l l a t i o n  work, c o s t  of energy produced. 

i n c l u d i n g  f i e l d  l a b o r ,  are s i g n i f i c a n t  c o n t r i b u t o r s  t o  c o n c e n t r a t o r  cos t s .  
For  some a p p l i c a t i o n s ,  a reasonable  target for t h e  i n s t a l l e d  

d o l l a r s ) ,  w i th  an o p t i c a l  e f f i c i e n c y  o f  0.90 t o  0.93, a geometr ic  
concen t r a t ion  r a t i o  of 2000 t o  2500 a t  an  i n t e r c e p t  f a c t o r  of 0.98, and a 
c o n c e n t r a t o r  lifetime of 30 years. 

rice o.? 
c o n c e n t r a t o r s  produced i n  q u a n t i t y  appears  t o  be $90 t o  1 5 0 h  3 ( i n  1980 

To permi t  development o f  such c o n c e n t r a t o r s ,  advances are needed i n  
c o n c e n t r a t o r  concepts  and des ign ,  I n  manufactur ing and i n s t a l l a t i o n  methods, 
and i n  a s s o c i a t e d  technology. Areas f o r  such technology advancement i n c l u d e  
e v a l u a t i o n  of  o p t i c a l  performance o f  v a r i o u s  c o n f i g u r a t i o n s ,  improvements i n  
o p t i c a l  materials f o r  c o n c e n t r a t o r s ,  e s t ab l i shmen t  of d e s i g n  wind speeds and 
wind loads, u t i l i z a t i o n  of  c o n c e n t r a t o r  i n t e r a c t i o n s  and wind f e n c e s  t o  
decrease wind loads ,  e s t ab l i shmen t  o f  better requi rements  for exposure t o  
p r e c i p i t a t i o n ,  sand ,  and seismic e n v i r o n m n t s ,  e v a l u a t i o n  of c o n c e n t r a t o r  
s t r u c t u r a l  c o n f i g u r a t i o n s ,  e v a l u a t i o n  o f  polymeric  and fores t-produc t 
s t r u c t u r a l  materials f o r  long-term c o n c e n t r a t o r  u se ,  more d a t a  on enc losu re  
materials and s t r u c t u r e s ,  and improvements i n  c l e a n i n g  and maintenance o f  
o p t i c a l  su r f aces .  F i e i d  t e s t i n g  and e v a l u a t i o n  o f  complete c o n c e n t r a t o r s  are 
c r i t i c a l l y  needed. 
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