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SUMMARY 

The o p t i c a l  p r o p e r t i e s  -- s o l a r  a b s o r p t a n c e  ( a , )  a n d  t h e r m a l  e m i t t a n c e  ( c t )  
-- of  t h e  r e c e i v e r  s u r f a c e  a r e  i m p o r t a n t  -in a  wide  r a n g e  oE s o l a r  ene rgy  
c o n v e r s i o n  d e v i c e s  froin pas:;.ive s o l a r  bu i l r l i r l g s  t o  s o p h i s t i c a t e d  L.;/CJ a x i s  
t r a c k i n g  c o n c e n t r a t o r s .  T h i s  r e p o r t  d e s c r i b e s  :I N a t i o n a l  P l a n  f o r  Abso rb? r  
S u r f a c e s  R&D and  i n c l u d e s  t h e  background i n f o r m a t i o n  ( a v a i l a b l e  a b s o r b e r  
m a t e r i a l s  and c h a r a c t e r i s t i c s ,  a p p l i c a t i o n s ,  a ~ d  p r o b a b l e  b e n e f i t s )  u s e d  t o  
d e r i v e  t h e  p l a n .  

STATE-OF-THE-ART ABSORBER SURFACES 

Some conlmerc ia l ly  a v a i l a b l e  a b s o r b e r  n a t e r i a l s  a r e  1:i .sted i n  F i g u r e  I. w i t h  
r e p r e s e n t a t i v e  o p t i c a l  p r o p e r t i e s .  O f  t l ~ e s e  n a t e  r i a l s ,  e l e c t  rodc?pos i ted  hLack 
chrome domina te s  t h e  low t e m p e r a t u r e  s e l e c t i v e  a b s o r b e r  mar!<et ( a s  = 0 . 9 5 ,  

E t=O. 10). E l e . c t r o d e p o s . i t e d  b l a c k  n i c k e l  w i t h  a  p r o t e c t i v e  o v e r c o a t  t o  
impede m o i s t u r e  p e n e t r a t i o n  and e l e c t  r o d e p o s i t e d  b l a c k  c o b a l t  f o r  a p p l i c a t i o n s  
t o  400°C are a l s o  b e i n g  produced .  A number of n o n s e l ~ ? c t i v e  ( a s  = 1 ,  E t  
0 . 9 )  p a i n t s  a r e  commerc i.al1.y a v a i l a b l e ,  inc. ludi .ng Py romark w1.1ich h a s  undt..rgone 
e x t e n s i r r e  t e s t s  a s  t h ?  b a s e l i n e  a b s o r b e r  s u r f a c e  f o r  t h e  R a r s t o w ,  C a l i f o r n i a  
LOMWe p i l o t  p l a n t .  I s s u e s  of c o n c e r n  t o  a b s o r b e r  s u r i a c e  u s e r s  a r e  no t  
l i m i t e d  t o  o p t i c a l  pe r fo rmance  and  t h e r m a l  s t a b i l i t y  a s  emphas ized  i n  F i g u r e  
2 .  

APPLICATIONS 

F o r  p u r p o s e s  o f  compar i son  t h e  r e c e i v e r  ~ ~ p t i c a l  e f E i c i e n c y  ( 7 ) o f  a  p a r t i c u -  
l a r  s y s t e m  c a n  be d e s c r i b e d  by a  s i m p l i f i e d  e x p r e s s i o n  

where  /3 i s  a  measu re  o.E t h e  i m p o r t a n c e  of t h e  r e c e i v e r  t h e r m a l  e m i t t a n c e  t o  
t h e  a p p l i c a t i o n  and  i s  t h e  r a d i a t e d  h e a t  f l u x  o f  a  blaclcbody a t  t h e  s y s t e m  
o p e r a t i n g  t e m p c r a t u r o  ( T I )  d i v i d e d  by t h e  incoming so l . a r  f l u x  d e . l i v e r e d  by t h e  
c o l l e c t o r  t o  t h e  r e c e i v e r  s u r f a c e .  F i g u r e  3 l i s t s  f i  f o r  r e p r e s e n t a t i v e  
a p p l i c a t i o n s  a s  a  f u n c t i o n  of o p e r a t i n g  t e m p e r a t u r e  and  s y s t e m  c o n c e n t r a t  i o n  
f a c t o r  (Ac/Ar).  

BENEFIT ANALYSIS 

T h i s  r e p o r t  d e s c r i b e s  a  method f o r  compu t ing  t h e  b e n e f i t  of a b s o r b e r  m a t e r i a l s  
R&D b a s e d  o n  perEormance and c o s t  i m p r o v ~ m ~ . n r  of  a b s o r b e r  s u r f a c e s  r e f e r e n c e d  
t o  t h e  p r e s e n t  s t a t e - o f - t h e - a r t .  The c o n s e r v a t i v e  c a l c ~ l l a t i o n  p r o v i d e s  a  
g u i d e l i n e  f o r  p rog rammat i c  emphas i s  based  on t h e  a s s u m p t i o n s  d e t a i l e d  i n  t h e  
t q t .  A s  i n d i c a t e d  i n  F i g u r e  4 ,  t h e  p r e s e n t  v a l u e  of  f u t u r e  b e n e f i t s  of 
a b s o r b e r  s u r f a c e  R&D c a n  be v e r y  l a r g e .  Low t e m p e r a t u r e  a b s o r b e r  s u r f a c e s  
h a v e  h i g h e s t  p r i o r i t y ,  f o l l o w e d  by a b s o r b e r  s u r f a c e s  f o r  p a r a b o l i c  t r o u g h s  and 



Properties of Selected Commercial Solar Absorber Surfaces Ul 
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Figure 1 



Issues of Concern for Absorber Surfaces 

Operating Efficiency 
High a s(T) 
Low E t(T) 
Angle of  incidence effects 
High thermal conductivity 

Operating Life and Degradation Mechanisms 
Temperature stability (maximum operating temperature, 

gradient, transients [shock], and cycling [fatigue]) 
Effects of  solar photon f lux (UV) 
Impact and abrasion resistance (dust and hail) 
Effect of adherent dust on  optical properties 

Chemical stability (atmospheric, working fluid and 
system contamination, rain, humidity) 

Vacuum stability 

Repairability 

Cost1 uni t  area 

Materials resource l imitation or vulnerability 

Geometrical constraints in application of coating 

Shaping or forming after coating 

Limitations on substrate candidates 

Figure 2. 



Solar Thermal Systems* 

System TI ( OC) 

Passive 25-80 

Flat Plate 40-180 

Evacuated ~ u b e  (CPC, V troughs) 100-200 

Linear Fresnel and Cylindrical Trough 150-250 

Linear Parabolic & Segmented Linear 
Array Tracking System {SLATS) 200 - 360 

Two Axis Tracking Fresnel 200 - 350 

Spherical Reflector Tracking Absorber 300-500 

Two Axis Tracking Parabolic Dish 500-1100 

Central Receivers - Barstow 10 MWe 500 

Steam Cycle (Ext. Rec.) 100 MWe 500 

Adv. Molt. Salt & Metal (Ext. Rec.) 600 

Adv. Open & Closed Adv. Brayton 
Cycles (cavity receiver) 1000-1400 

Assumes T = .83, E =  1.0.p = .85, # =  790W/m2,T, = 27OC 

Figure 3. 



Summary of Benefits of Absorber Surface R a D  

System 

Flat Plate (< 10o0C) .35 

Evacuated Tube 
(100-200°C) 

Parabolic Trough 
(200 - 500 OC 

Parabolic Dish 
(> 5Oo0C) 

Small Central Receiver 
(50°C) .6 

Large Central Rece.iver 
(500°C) .6 

Total 

[ I1  Average system thermal efficiency 
[21 Rellative improvement in  receiver performance 
131 Absorber surface cost improvement (% of total system cost) 
[41 Present Value of Future Benefits of Absorber Surface Research 

Figure 4. 
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h i g h e r  t e m p e r a t u r e  s e l e c t i v e  a b s o r b e r s  f o r  low c o n c e n t r a t i o n  r a t i o  sys tems.  
Very h i g h  t e m p e r a t u r e  m a t e r i a l s  have l o w e s t  p r i o r i t y .  Absorbers  f o r  a l l  
a p p l i c a t i o n s  r e q u i r e  improved d u r a b i l i t y  and f u r t h e r  t e s t i n g .  

NATIONAL PLAN FOR ABSORBER SURFACES R&D 

A. O b j e c t i v e  -.-- 
, 

C 

The o b j e c t i v e  of t h e  Absorber S u r f a c e  R&D program i s  t o  a s s i s t  t h e  t i m e l y  
development of h i g h  performance,  d u r a b l e ,  and c o s t - e f f e c t i v e  s o l a r  a b s o r b e r s  
f o r  u s e  i n  s o l a r  t h e r m a l  systems th rough  a  c o o p e r a t i v e  government,  i n d u s t r y ,  
and u n i v e r s i t y  e f f  n r t .  

B. Scope 

The program p l a n  i s  p r o j e c t e d  f o r  f i v e  y e a r s  w i t h  maximum involvement  of 
i n d u s t r y  i n  t h e  development p r o j e c t s .  U n i v e r s i t i e s  and n a t i o n a l  l a b o r a t o r i e s  
w i l l  be used p r i m a r i l y  i n  r e s e a r c h  and s u p p o r t  a c t i v i t i e s .  Based on t h e  
program b e n e f i t  a n a l y s i s  a n  $8  m i l l i o n  program i s  o u t l i n e d .  

C. Approach 

The program w i l l  lower f ron t -end  r i s k s  by p r o v i d i n g  r e s e a r c h  f u n d s  t o  demon- 
s t r a t e  t e c h n i c a l  f e a s i b i l i t y  of a b s o r b e r  s u r f a c e  concep t s .  Cost  s h a r i n g  
a s s i s t a n c e  i n  t h e  developmental  s t a g e  w i l l  p r o v i d e  f u r t h e r  s u p p o r t .  Commer- 
c i a l  marke t s  w i l l  be s t i m u l a t e d  by i d e n t i f y i n g  a p p l i c a t i o n s ,  c e r t i f y i n g  t e s t  
p r o c e d u r e s ,  and p r o v i d i n g  i n f o r m a t i o n .  

D. O v e r a l l  S t r a t e g y  

The Absorber  S u r f a c e ' ~ & ~  Program c o n s i s t s  of program management, f o u r  develop-  
ment a c t i v i t i e s  and f o u r  s u p p o r t i n g  f u n c t i o n s .  

The f o u r  developmental  a c t i v i t i e s  a d d r e s s :  improved d u r a b i l i t y  and c o s t -  
e f f e c t i v e n e s s  of low-temperat~lre.  s e l e c t i v e  a b s o r b e r  s u r f a c e s  f o r  p a s s i v e ,  
f  l a t - p l a t e ,  and evacua ted  tube  c o l l e c t o r s  t o  200" C; commercial  b lack  chrome 
and a n  i d e n t i f i e d  a l t e r n a t e  s e l e c t ' i v e  s u r f a c e  f o r  a p p l i c a t i o n s  t o  400°C; 
i n t e r m e d i a t e - t e m p e r a t u r e  (400-700°C) s e l e c t i v e  a b s o r b e r s  and a b s o r b e r  s u r f a c e s  
f o r  h i g h  t e m p e r a t u r e s  (>700°C). The s e l e c t i o n  of t e m p e r a t u r e  regimes f o r  t h e  
g o a l s  i s  of n e c e s s i t y  somewhat a r b i t r a r y .  The c h o i c e s  were de te rmined  by 
a d d i n g  a n  approx imate  100°C b u f f e r  t o  o p e r a t i n g  t e m p e r a t u r e s  f o r  g e n e r i c  
a p p l i c a t i o n s .  Low-temperature s u r f a c e s  a r e  assumed t o  o p e r a t e  t o  100°C based 
on c o o l i n g  and p r o c e s s  h e a t  r e q u i r e m e n t s ,  and t h e  s t a g n a t i o n  t e m p e r a t u r e  f o r  
most low c o n c e n t r a t i o n  r a t i o  sys tems is  a p p r o x i m a t e l y  200°C. The 300°C 
o p e r a t i n g  t e m p e r a t u r e  f o r  b l a c k  chrome i s  based on p r e s e n t  s i n g l e  a x i s  t r a c k -  
i n g  sys tem n e e d s ,  and t h e  t r a n s i t i o n  from i n t e r m e d i a t e -  t o  h igh- tempera tu re  
regimes i s  based on t h e  p r e s e n t  m a t e r i a l s  l i m i t a t i o n  f o r  t h e  s team h e a t  e n g i n e  
c y c l e  (560°C).  

v i i  
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The f o u r  s u p p o r t i n g  f u n c t i o n s  a r e :  o p t i c a l  measurements,  d u r a b i l i t y  t e s t i n g ,  
and  component e v a l u a t i o n ;  sys tems a n a l y s i s ;  d a t a  base ;  and b a s i c  and g e n e r i c  
r e s e a r c h .  

E s t i m a t e s  of t h e  f u n d i n g  l e v e l s  i n  c o n s t a n t  FY78 d o l l a r s  f o r  t h e s e  n i n e  major 
a c t i v i t i e s  a r e  shown i n  F i g u r e  5.  A l l o c a t i o n s  w i l l  be based on t h e  a v a i l a b i -  
l i t y  of funds .  

LOW-COST SELECTIVE ABSORBERS (TO 200°C) 

H i g h - p r i o r i t y  R&D t o p i c s :  

r e d u c e  c o s t  of a b s o r b e r  s u r f a c e s  f o r  f l a t  p l a t e  c o l l e c t o r s  w i t h o u t  
r e . d ~ ~ r . i n g  n p r i  c,a 1 p e r f  n r m a n c . ~  n r  rliirahi 1 i t y :  

improve p r o c e s s  c o n t r o l ;  

rn assess availability of ( a n d  d e v e l o p ,  i f  n e c e s s a r y )  a b s o r b e r  m a t e r i -  
a l s  f o r  more c o s t - e f f e c t i v e ,  second g e n e r a t i o n  c o l l e c t o r  sys tems 
( e v a c u a t e d  t u b e ,  a l l  p l a s t i c  f l a t  p l a t e s ) :  and 

a s s e s s  p o t e n t i a l  of s e l e c t i v e  a b s o r b e r s  f o r  p a s s i v e  a p p l i c a t i o n s .  

Long-range R&D t o p i c  : 

rn i n c r e a s e  s o l a r  a b s o r p t a n c e  from 0.95 t o  0 .98 ,  r educe  the rmal  emit-  
t a n c e  f rom 0 . 1  t o  0.05 w i t h o u t  s a c r i f i c i n g  c o s t  o r  c1ur~hi . l  i.t.y 
o b j e c t i v e c .  

BLACK CHROME (TO 400°C) 

H i g h - p r i o r i t y  K&U t o p i c s :  

rn e s t a b l i s h  r e p r o d u c i b l e  p r o c e s s i n g  t e c h n i q u e s  . and i d e n t i f y  key 
p r o c e s s  p a r a m e t e r s  t o  a c h i e v e  a c c e p t a b l e  o p t i c a l  p r o p e r t i e s  and 
t h e r m a l  s t a b i l i t y ,  

i n v e s t i g a t e  a l t e r n a t i v e  b l a c k  chrome e l c c t r o p l . a t i ~ n g  so l~ . i t j . ons ,  and 

i d e n t i f y  backup a b s o r b e r  s u r f a c e .  

Long Kange KhU t o p i c :  

improve s o l a r  a b s o r p t a n c e  t o  0 .98 w h i l e  r e d u c i n g  t h e r m a l  emi t t an r . e  
below 0.2 a t  300°C. 



Overview of Estimated Program Funding (Sk) 

Figure 5 
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INTERMEDIATE-TEMPERATURE SELECTIVE SURFACES (400°C TO 700°C) 

H i g h - p r i o r i t y  R&D t o p i c s :  

8 vacuum, CVD,  o r  e l e c t r o d e p o s i t i o n  p r o c e s s i n g  of f o i l s  and i n v e s t i g a -  
t i o n  of g e o m e t r i c  l i m i t a t i o n s  of a p p l y i n g  f o i l s ,  the rmal  conductance  
l o s s e s  a c r o s s  bonding l a y e r ,  a v a i l a b i l i t y  of h igh- tempera tu re  
bonding m a t e r i a l s ,  and development of bonding t e c h n i q u e s  f o r  o n - s i t e  
a p p l i c a t i o n .  Vacuum-processed f i l m s  ( c e r m e t s ,  AMA-like i n t e r f e r e n c e  
s t a c k s )  have  demons t ra ted  promis ing o p t i c a l  p r o p e r t i e s  and the rmal  
s t a b i l i t y  s o  t h a t  t h e  p r o c e s s i n g  e f f o r t  w i l l  be i n i t i a t e d  us ing  
vacuum t e c h n i q u e s  t o  produce a b s o r b e r  s u r f a c e s .  

e x t e n d  o p e r a t i n g  t e m p e r a t u r e  range  and o p t i c a l  p r o p e r t i e s  of absorb-  
e r  s u r f a c e s  t h a t  c a n  be a p p l i e d  o n - s i t e  ( p a i n t s ,  chemica l  c o n v e r s i o n  
s u r f a c e s ,  o r g a n o m e t a l l i c s ) .  

Long-range R&D t o p i c s :  

de te rmine  d e g r a d a t i o n  mechanisms of developmental  a b s o r b e r  s u r f a c e s ,  
and 

i n c r e a s e  s o l a r  a b s o r p t a n c e  t o  g r e a t e r  than  0.97 th rough  unders tand-  
i n g  of  m a t e r i a l  l i m i t a t i o n s .  

HIGH-TEMPERATURE COATINGS (> 700°C) 

improved a d h e s i o n  ( t h e r m a l  shock)  and -- i n  - s i t u  c u r i n g ,  
s t u d y  of pho to the rmal  s t a b i l i t y ,  and 
s t u d y  of p r o t e c t i o n  p r o p e r t i e s .  

Long-range R&D t o p i c  : 

s t a b l e ,  h igh-absorptance  ( a s  2 0.98) p a i n t s ,  plasma s p r a y  c o a t i n g s  
and t r e a t e d  m a t e r i a l s  of c o n s t r u c t i o n .  

OPTICAL MEASUREMENTS, DURABILITY TESTING, AND COMPONENT EVALUATION 

Measured o p t i c a l  p r o p e r t i e s  of a b s o r b e r  s u r f a c e s  a r e  r e q u i r e d  f o r  t h e  fo l low- 
i n g  purposes :  

e n g i n e e r i n g  d e s i g n ,  
hardware v e r i f i c a t i o n  and c o n t r o l ,  
d u r a b i l i t y  t e s t  e v a l u a t i o n ,  and 
c o a t i n g  development and a n a l y s i s .  
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The o p t i c a l  measurements s u p p o r t  i n  t h e  Absorber S u r f a c e s  Program c o n s i s t s  of 
f o u r  a c t i v i t i e s :  

d e t e r m i n a t i o n  o f  a p p r o p r i a t e  o p t i c a l  measurements,  

development of s t a n d a r d s  t o  e n s u r e  t h a t  r e s e a r c h  measurements a r e  
comparable ,  

i d e n t i f i c a t i o n  o r  development of s p e c i a l i z e d  o p t i c a l  measurement 
equipment where n e c e s s a r y ,  and 

independen t  measurement ( q u a l i f i c a t i o n )  o f  s u r f a c e s  developed w i t h i n  
t h e  program. 

D u r a b i l i t y  t e s t i n g  i s  r e q u i r e d  a t  t h r e e  l e v e l s :  

t e s t i n g  a t  t h e  r e s e a r c h  l e v e l  by t h e  deve loper  t o  e s t a b l i s h  t h e  
i n h e r e n t  d u r a b i l i t y  and t o  e v a l u a t e  t h e  e f f e c t s  of m a t e r i a l s  a n d / o r  
p r o c e s s  v a r i a t i o n s ;  

t e s t i n g  a t  t h e  program l e v c l  (which i n c l u d e s  b a s i c  r e s e a r c h  inlro 
mechanisms of d e g r a d a t i o n ,  i n  o r d e r  t o  d e f i n e  a c c e l e r a t e d  l i f e t i m e  
t e s t s )  by a n  independent  l a b o r a t o r y  t o  c o r r o b o r a t e  t h e  l i m i t s  t o  
c o a t i n g  u t i l i z a t i o n ;  and 

e e v a l u a t i o n  and q u a l i f i c a t i o n  t e s t s  by t h e  u l t i m a t e  use r .  

SYSTEMS ANALYSIS 

The systems a n a l y s i s  a c t i v i t y  i n i t i a t e d  by JPL i n  FY77 and FY78 w i l l  be 
r e f i n e d  and ex tended  th rough  a  j o i n t  SERI/JPL e f f o r t .  Major a c t i v i t i e s  i n  
FY79 w i l l  de te rmine  t h e  minimum s o l a r  a b s o r p t a n c e  a s  a  c r i t e r i o n  i n  judgi.ng 
i n t e r m e d i a t e  t e m p e r a t u r e  s e l e c t i v e  a b s o r b e r  development,  r e f i n e  e s t i m a t e s  of 
a b s o r b e r  s u r f a c e  and program c o s t l b e n e f i t s ,  and de te rmine  t h e  optimum o p t i c a l  
p r o p e r t i e s  f o r  c a v i t y  a b s o r b e r s .  

DATA BASE 

The d a t a  base  a c t i v i t y  i s  one p a r t  of a  l a r g e r  SERI p r i o r i t y  program: t h e  
S o l a r  Energy I n f o r m a t i o n  D a t a  Base (SEIDB). The a b s o r b e r  s u r f a c e  p o r t i o n  of 
rhe m a t e r i a l s  d a t a  base  s e r v e s  two f u n c t i o n s :  (1) t o  make a c c e s s i b l e  t o  
a b s o r b e r  s u r f a c e  d e v e l o p e r s  and u s e r s  s t a t e - o f - t h e - a r t  i n f o r m a t i o n  on a b s o r b e r  
s u r f a c e  performance,  d u r a b i l i t y ,  and c o s t  and ( 2 )  t o  p rov ide  a resource t o  
t h e  sys tems a n a l y s i s  and program management a c t i v i t i e s .  
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BASIC AND GENERIC RESEARCH 

The B a s i c  and Gener ic  Research  a c t i v i t y  w i l l  emphasize t h e  u n d e r s t a n d i n g  of 
d e g r a d a t i o n  mechanisms ( t h e r m a l ,  pho to thermal ,  env i ronmenta l )  and a b s o r b e r  
modeling w i t h  a  s m a l l  budget r e s e r v e d  f o r  i n n o v a t i v e  concep t s .  It i s  recog- 
n i z e d  ' t h a t  a c t i v i t i e s  ongoing i n  DOE/Office of Bas ic  Energy Sc ience  w i l l  
p r o v i d e  a  s o u r c e  of i n f o r m a t i o n  w h i l e  remaining independent  of t h e  Absorber 
S u r f a c e s  Program. 
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NOMENCLATURE 

a s  s o l a r  a b s o r p t a n c e  

€ t  t herma 1 emi t t ance  

(J S t e f a n  Boltzmann c o n s t a n t  (5..67 x loe8 W m-2 0 -4 K 1 

Qconv 

s o l a r  t r a n s m i t t a n c e  

i n s o l a t i o n  

c o n v e c t i v e  h e a t  l o s s  ( ~ m - ~ )  

c o n d u c t i v e  h e a t  l o s s  ( ~ m ' ~ )  

t e m p e r a t u r e  

c o n c e n t r a t i o n  f a c t o r  

e f f e c t i v e  a p e r t u r e  a r e a  of c o n c e n t r a t o r  m i r r o r  

i l l u m i n a t e d  a r e a  of r e c e i v e r  

e ,  f r a c t i o n  of energy l o s t  due  t o  m i r r o r  s u r f a c e  i m p e r f e c t i o n s  and 
s u n  t r a c k i n g  e r r o r s .  

m i r r o r  s p e c u l a r  r e f l e c t a n c e  

e l e c t r i c a l  megawatts 

d e g r e e s  C e l s i u s  

mete r  

micrometer  m e t e r )  
pa ramete r  measur ing s e n s i t i v i t y  of r e c e i v e r  e f f i c i e n c y  t o  t h e  
t h e r m a l  e m i t t a n c e  of t h e  a b s o r b e r  s u r f a c e  

r e c e i v e r  e f f i c i e n c y  (change)  

measure of improved r e c e i v e r  e f f i c i e n c y  due t o  improved a b s o r b e r  
s u r f a c e  o p t i c a l  p r o p e r t i e s  

p r e s e n t  v a l u e  of f u t u r e  b e n e f i t s  a s  a  r e s u l t  of improved a b s o r b e r  
a u r f a c c  

s y s c e ~ n  e f f i c i e n c y  ( s u n  l i g h t  t o  the rmal  o u t p u t )  

v a l u e  of u n i t  energy d e l i v e r e d  by s o l a r  t h e r m a l  sys tem j i n  y e a r  n  

j n  q u a n t i t y  of energy d e l i v e r e d  by sys tem j i n  y e a r  n  

I? p e r c e n t a g e  of c a p i t a l  c o s t  

1 improvement i n  measured l i f e t i m e  from c u r r e n t  t o  expec ted  

L e x p e c t e d  a b s o r b e r  s u r f a c e  l i f e t i m e  

0 &M o p e r a t i o n  and maintenance 

ET Energy Technology 
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ABSTRACT 

Numerous requ i rements  a r e  p l a c e d  on a b s o r b e r  s u r f a c e s  a c r o s s  t h e  
spectrum of s o l a r  the rmal  energy c o n v e r s i o n  systems.  T h i s  r e p o r t  
d e s c r i b e s  t h e  adequacy of a v a i l a b l e  a b s o r b e r  m a t e r i a l s  f o r  a  wide 
range  of a p p l i c a t i o n s  and d e r i v e s  a  R&D program p l a n  from t h o s e  
sys tems which can  b e n e f i t  from improved r e c e i v e r  performance,  c o s t  
o r  d u r a b i l i t y .  

Four  development a c t i v i t i e s  a r e  d e s c r i b e d  i n  d e t a i l :  improved 
s e l e c t i v e  a b s o r b e r s  t o  200°C, b l a c k  chrome t o  400°C, s e l e c t i v e  
a b s o r b e r s  t o  70OUC, and a b s o r b e r  s u r f a c e s  ( o p t i c a l  and p r o t e c t i v e  
~ r o p e r t i e s )  above 700°C. I d e n t i f i e d  s u p p o r t  a c t i v i t i e s  f o r  t h e  
program a r e  o p t i c a l  measurements,  d u r a b i l i t y  t e s t i n g ,  component 
e v a l u a t i o n ,  systems a n a l y s i s ,  d a t a  base ,  and b a s i c  r e s e a r c h .  
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I SECTION 1.0 

INTRODUCTION 

1.1 BACKGROUND 

A wide range  of s o l a r  energy c o n v e r s i o n  d e v i c e s  from p a s s i v e  s o l a r  b u i l d i n g  
d e s i g n  t o  s o p h i s t i c a t e d  two-axis t r a c k i n g  c o n c e n t r a t o r s  a r e  d e s c r i b e d  i n  terms 
of common components: c o l l e c t o r ,  h e a t  exchanger ,  working f l u i d  ( h e a t  t r a n s -  
f e r ) , , s t o r a g e ,  and c o n t r o l  subsystems.  The r e c e i v e r  a s  p a r t  of t h e  c o l l e c t o r  
subsys tcm i s  common t o  a l l  such  s y s t e m s ,  and t h e  importance  of i t s  o p t i c a l  
p r o p e r t i e s  ( s o l a r  a b s o r p t a n c e  and t h e r m a l  e m i t t a n c e )  i s  e a s i l y  recognized.  
The s o l a r  a b s o r p t a n c e  i s  a  pr imary f a c t o r  i n  d e t e r m i n i n g  t h e  f r a c t i o n  of s o l a r  
energy i n c i d e n t  on t h e  c o l l e c t o r  t h a t  w i l l  be a v a i l a b l e  a s  u s e f u l  h e a t ,  and 
t h e  t h e r m a l  e m i t t a n c e  c o n t r o l s  t h e  r e r a d i a t i o n  of t h e r m a l  energy from t h e  
c o l l e c t o r  t h a t  may be a  major  l o s s  mechanism f o r  c e r t a i n  a p p l i c a t i o n s .  

The r e c e i v e r  f o r  a  p a s s i v e  d e s i g n  might be a  b r i c k  f l o o r  o r  a  mass ive  Trombe 
w a l l ,  and t h e  a b s o r b i n g  s u r f a c e  i s  t y p i c a l l y  t h e  m a t e r i a l  of c o n s t r u c t i o n  
i t s e l f  o r  a  b lack  p a i n t .  Improvements i n  p a s s i v e  sys tem performance may be 
a c h i e v e d  by u t i l i z i n g  i n e x p e n s i v e  a b s o r b e r  s u r f a c e s  w i t h  enhanced o p t i c a l  
p r o p e r t i e s .  Achieving h i g h e r  t e m p e r a t u r e s  from a c t i v e  s o l a r  t h e r m a l  energy 
c o n v e r s i o n  sys tems r e q u i r e s  i n c r e a s e d  a t t e n t i o n  t o  r e c e i v e r  o p t i c a l  perform- 
a n c e  and sys tem the rmal  e f f i c i e n c y  f o r  c o s t  e f f e c t i v e  o p e r a t i o n .  F l a t  p l a t e  
and low c o n c e n t r a t i o n  r a t i o  (2-3 X) e v a c u a t e d  t u b e  c o l l e c t o r s  have l a r g e  a r e a  
r e c e i v e r s  and t h u s  p l a c e  a  premium on a b s o r b e r  s u r f a c e  c o s t  a s  w e l l  a s  per- 
formance. I n t e r m e d i a t e  and h i g h  c o n c e n t r a t i o n  r a t i o  sys tems ( >  50X) f o c u s  
s u n l i g h t  i n t o  a  l i n e  o r  a  p o i n t  and may r e f l e c t  l i g h t  th rough  t h e  a p e r t u r e  of 
a  c a v i t y .  A v a r i e t y  of such  systems i s  i l l u s t r a t e d  i n  F i g u r e  1-1. The impor- 
t a n c e  of 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 c e i v e r  depends on t h e  p a r t i c u l a r  
sys tem des ign .  

Numerous requ i rements  a r e  p l a c e d  on a b s o r b e r  s u r f a c e s  a c r o s s  t h e  s p e c t r u m . o f  
s o l a r  t h e r m a l  energy c o n v e r s i o n  s y s t e m s ,  and no s i n g l e  m a t e r i a l  i s  a p p r o p r i a t e  
f o r  a l l  a p p l i c a t i o n s .  The adequacy of a v a i l a b l e  a b s o r b e r  m a t e r i a l s  v a r i e s  
f rom a p p l i c a t i o n  t o  a p p l i c a t i o n ;  t h e  s o l a r  t h e r m a l  energy c o n v e r s i o n  sys tems 
f o r  which improved r e c e i v e r  per iormance,  c o s t ,  o r  d u r a b i l i t y  a r e  impor tan t  
m o t i v a t e  a n  a b s o r b e r  s u r f a c e s  R&D e f f o r t .  

For  approx imate ly  25 y e a r s ,  R&D a c t i v i t i e s  have a d d r e s s e d  s e l e c t i v e  a b s o r p t i o n  
where t h e  r e c e i v e r  s u r f a c e  e x h i b i t s  s i m u l t a n e o u s l y  a  low r e f l e c t a n c e  ( h i g h  
a b s o r p t a n c e )  i n  t h e  s o l a r  s p e c t r a l  r e g i o n  and a  h i g h  r e f l e c t a n c e  (and t h u s  low 
e m i t t a n c e )  i n  t h e  t h e r m a l  i n f r a r e d  s p e c t r a l  range.  E a r l y  work i n  t h i s  f i e l d ,  
b e g i n n i n g  i n  1955,  i n v e s t i g a t e d  a  number of t e c h n i q u e s  f o r  o b t a i n i n g  h i g h  
s o l a r  a b s o r p t a n c e  and low the rmal  e m i t t a n c e  a t  low t e m p e r a t u r e s  (200°C).  
However, t h e  number of a p p l i c a t i o n s  was l i m i t e d  and few c o n c e p t s  were commer- 
c i a l i q e d .  I n  t h e  1960s t h e  NASA space  e f f o r t  i n c l u d e d  e x t e n s i v e  s t u d i e s  of t h e  
o p t i c a l  p r o p e r t i e s  of s u r f a c e s  w i t h  emphasis on c o n t r o l l i n g  t h e  t e m p e r a t u r e  of 
s p a c e c r a f t ;  however, t h e  a b s o r b i n g  m a t e r i a l s  developed d i d  n o t  n e c e s s a r i l y  
p o s s e s s  p r o p e r t i e s  d e s i r a b l e  f o r  t e r r e s t r i a l  use .  Dur ing t h e  l a s t  f i v e  y e a r s  
N S F ~ R A N N ,  ERDA, and DOE s u p p o r t  h a s  l e d  t o  t h e  a d a p t a t i o n  of b l a c k  chrome f o r  
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Two Axis Tracking 

Point Focus Central Receiver Point Focus Distributed Dish 

Single Axis Tracking 

Linear Focus Central Receiver 

Fixed Mirror Concentrator Trough 

SLATS (Segmented Linear 
Array Thermal System) 

Non Tracking 

Parabolic Trough 

Flat Plate Collector with 3:l Concentrator 

Figure 1-1.  Active Solar Thermal Energy Conversion Devices 
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a p p l i c a t i o n s  t o  300°C and programs t o  deve lop  h i g h e r - t e m p e r a t u r e - s e l e c t i v e  and 
n o n s e l e c t i v e  a b s o r b e r  s u r f a c e s  a s  w e l l  a s  more c o s t - e f f e c t i v e  and d u r a b l e  low- 
t e m p e r a t u r e  c o a t i n g s .  S t u d i e s  of t h e  b a s i c  p r o p e r t i e s  of a b s o r b e r s  have a l s o  
been i n i t i a t e d .  

T h i s  document d e s c r i b e s  a  N a t i o n a l  Program P l a n  f o r  Absorber  S u r f a c e  R&D. The 
b e n e f i t s  of improved a b s o r b e r  s u r f a c e s  f o r  g e n e r i c  a p p l i c a t i o n s  a r e  c o n t r a s t e d  
w i t h  t h e  p r o p e r t i e s ,  and t h u s  t h e  s u i t a b i l i t y ,  of a v a i l a b l e  a b s o r b e r  m a t e r i a l s  
t o  d e r i v e  t h e  p r i o r i t y  R&D e lements  of t h e  program plan.  Gener ic  r e s e a r c h  
i s s u e s  (e .g . ,  e f f e c t s  of morphology, manufac tu r ing  p r o c e s s i n g ,  r e s e a r c h  i n t o  
fundamental  mechanisms of c o a t i n g  d e g r a d a t i o n ,  and sys tems a n a l y s i s )  which a r e  
n o t  l o g i c a l l y  r e s t r i c t e d  by s o l a r  a p p l i c a t i o n  a r g u e  f o r  a  h o l i s t i c  approach  t o  
a n  Absorber  S u r f a c e s  Program, and t h u s  t h e  p l a n n i n g  e f f o r t  spans  technology 
boundar ies  ( S o l a r  Thermal Power, A g r i c u l t u r a l  and I n d u s t r i a l  P r o c e s s  H e a t ,  and 
S o l a r  Hot Water H e a t i n g  and Space H e a t i n g  and C o o l i n g ) .  The program s e e k s  t o  
c o o r d i n a t e  and improve communication between ongoing a c t i v i t i e s  and t o  d i r e c t  
s c i e n t i f i c  and p r o d u c t i o n  e x p e r t i s e  th rough  a  program t h a t  i s  ba lanced  w i t h  
r e s p e c t  t o  a p p l i c a t i o n  ( l o w / i n t e r m e d i a t e / h i g h  t e m p e r a t u r e s ,  vacuum/atmosphere, 
e t c . )  and f u n c t i o n  ( b a s i c j a p p l i e d  r e s e a r c h ,  development,  t e s t i n g ,  measure- 
ments ,  e t c .  ). 

The background t h a t  s u p p o r t s  t h e  d e s i g n  of t h e  p l a n  a p p e a r s  i n  S e c t i o n  2.  The 
program p l a n ,  d e f i n e d  i n  S e c t i o n  3 ,  p r o v i d e s  a n  e f f o r t  which w i l l  s a t i s f y  
i d e n t i f i e d  sys tem needs  w i t h i n  t h e  c o n t e x t  of t h e  o b j e c t i v e ,  g o a l s ,  and scope  
d e f i n e d  i n  t h i s  s e c t i o n .  SERI's  r o l e  i s  summarized e x p l i c i t l y  i n  S e c t i o n  4 .  

1.2 OBJECTIVES 

The o b j e c t i v e  of a  c o o r d i n a t e d  Absorber  S u r f a c e  Program i s  t o  a s s i s t  t h e  
t i m e l y  development of h i g h  performance,  d u r a b l e ,  and c o s t - e f f e c t i v e  s o l a r  
a b s o r b e r s  needed by d e s i g n e r s  of s o l a r  t h e r m a l  and s o l a r  t h e r m a l  e l e c t r i c  
sys tems.  

Four  s p e c i f i c  development g o a l s  have been d e f i n e d  t o  meet t h i s  o b j e c t i v e :  

' i d e n t i f y  and deve lop  improved c o s t - e f f e c t i v e  s o l a r  s e l e c t i v e  absorb-  
e r s  f o r  p a s s i v e ,  f l a t  p l a t e ,  and evacua ted  t u b e  a p p l i c a t i o n s  t o  
200°C; 

e s t a b l i s h  t h e  commercial v i a b i l i t y  of b l a c k  chrome 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  t o  400°C and i d e n t i f y  a n  a l t e r n a t i v e  a b s o r b e r  s u r f a c e  
f o r  t h e s e  a p p l i c a t i o n s ;  

deve lop  a  s e l e c t i v e  a b s o r b e r  and i d e n t i f y  a backup 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  from 400°C t o  700°C;  and 

a i n v e s t i g a t e  t h e  o p t i c a l  and p r o t e c t i v e  p r o p e r t i e s  of a b s o r b e r  
s u r f a c e s  r e q u i r e d  f o r  a p p l i c a t i o n s  a t  t e m p e r a t u r e s  above 700°C.  . 
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1.3 SCOPE 

The Absorber  S u r f a c e s  Program h a s  been p r o j e c t e d  f o r  f i v e  y e a r s  w i t h  maximum 
invo lvement  of i n d u s t r y  i n  t h e  development p r o j e c t s .  U n i v e r s i t i e s  and na t ion-  
a l  l a b o r a t o r i e s  w i l l  be used p r i m a r i l y  i n  r e s e a r c h  and s u p p o r t  a c t i v i t i e s .  
The s u c c e s s  of t h e  program w i l l  be reviewed a n n u a l l y  and measured a g a i n s t  t h e  
i d e n t i f i e d  g o a l s .  

1.4 APPROACH 

The approach  of t h e  program w i l l  be t o  lower f ron t -end  r i s k s  by p rov id ing  
r e s e a r c h  funds  t o  demons t ra te  t e c h n i c a l  f e a s i b i l i t y  of a b s o r b e r  s u r f a c e  
c o n c e p t s .  Cos t - shar ing  a s s i s t a n c e  i n  t h e  developmental  s t a g e  w i l l  p rov ide  
f u r t h e r  s u p p o r t .  Commercial marke t s  w i l l  be s t i m u l a t e d  by i d e n t i E y i n g  a p p l i - ,  
c a t i o n s ,  c e r t i f y i n g  t e s t  p r o c e d u r e s ,  and p r o v i d i n g  in format ion .  



SECTION 2.0 

TECHNICAL ASSESSMENT 

2.1 STATE-OF-THE-ART ABSORBER SURFACES 

The maximizat ion of t h e  a b s o r p t i o n  and the rmal  convers ion  of photons  a t  a  
s o l a r  r e c e i v e r  s u r f a c e  i s  c r u c i a l  f o r  t h e  development of c o s t  e f f e c t i v e  s o l a r  
a p p l i c a t i o n s .  A l a r g e  s o l a r  a b s o r p t a n c e  ( a s )  c a n  be ach ieved  by d e s i g n i n g  t h e  
r e c e i v e r  a s  a  c a v i t y ,  by r e l y i n g  on s p e c i a l  a b s o r b i n g  p r o p e r t i e s  of t h e  
r e c e i v e r  s u r f a c e ,  o r  a  combinat ion of both.  I n  a l l  t h r e e  c a s e s ,  t h e  the rmal  
e f f i c i e n c y  of t h e   receiver,^ , is  t h e  f r a c t i o n  of t h e  i n c i d e n t  energy absorbed 
minus t h e  l o s s e s  from r a d i a t i o n ,  conduc t ion ,  and convect ion.  Equa t ion  (1 )  [ l ]  
i s  a  s i m p l i f i e d  r e l a t i o n s h i p ,  however a n  e x a c t  c a l c u l a t i o n  of t h e  r e c e i v e r  
e f f i c i e n c y  r e q u i r e s  d e t a i l e d  knowledge of t h e  i n c i d e n t  s o l a r  f l u x  and t h e  
r e c e i v e r  t empera tu re  a s  a f u n c t i o n  of t ime and p o s i t i o n  on t h e  r e c e i v e r  
s u r f  ace.  

where 

a s  = S o l a r  a b s o r p t a n c e  

E t  1 
= Thermal emitLance of a b s o r b e r  s u r f a c e  

= Thermal e m i t t a n c e  of environment s u r r o u n d i n g  
t 7 

L 

a b s o r b e r  s u r f a c e  

F ( r t  , r t 2 )  = F u n c t i o n  of r and € de te rmined  by 
1 t l  t2  

r e c e i v e r  geometry and o r i e n t a t i o n  

0 = S t e f a n  Boltzmann c o n s t ~ n t  (5.67 x W I I I - ~  O K - ~ )  

T = Transmi t t ance  th rough  t h e  sys tem o p t i c s  

= I n s o l a t i o n  ( d i r e c t  f o r  most c o n c e n t r a t i n g  sys tems)  

Qc onv = Convect ive  h e a t  l o s s  p e r  u n i t  a r e a  

Qcond = Conduct ive  h e a t  l o s s  p e r  u n i t  a r e a  

T1 = S u r f a c e  t empera tu re  of t h e  a b s o r b e r  s u r f a c e  (T) 

T2 = Temperature of environment su r rounding  r e c e i v e r  
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The c o n c e n t r a t i o n  f a c t o r ,  X ,  i s  determined i n  e q u a t i o n  ( 2 ) .  

where 

A, = E f f e c t i v e  a p e r t u r e  a r e a  of c o n c e n t r a t o r  m i r r o r  o r  l e n s  
A, = R e r a d i a t i n g  a r e a  of e x t e r n a l  r e c e i v e r  

E  = (1-e) where e i s  t h e  f r a c t i o n  of energy l o s t  due t o  
m i r r o r  s u r f a c e  i m p e r f e c t i o n s .  and sun  t r a c k i n g  e r r o r s  

P =  S p e c u l a r  r e f l e c t a n c e  of m i r r o r  s u r f a c e  w i t h i n  t h e  
maximum u s e f u l  cone a n g l e  

4  4  F o r  c o n c e n t r a t i n g  systems F ( r t l  ,et ) ( T ~ ~ - T ~  ) r e d u c e s  t o  r ( T , ~ - T ~  ) ,  o r  a s  
t l  

i t  i s  more c o n v e n t i o n a l l y  w r i t t e n  :T4 (assuming T2/T1 ((1). 

I n  g e n e r a l ,  a s  t h e  sys tem d e s i g n  o p e r a t i n g  t empera tu re  i n c r e a s e s  a n d / o r  t h e  
g e o m e t r i c  concen t  a t i o n  r a t i o  d e c r e a s e s ,  t h e  thermal rad ia t ive  losses dominate  
as  a  r e s u l t  of TZ dependence and,  a s  i l l u s t r a t e d  i n  F i g u r e  2-1, sys tem per-  
formance i s  improved by r e d u c i n g  t h e  t h e r m a l  e m i t t a n c e  ( c t )  of t h e  r e c e i v e r .  
A r e c e i v e r  s u r f a c e  w i t h  h i g h  s o l a r  a b s o r p t a n c e  and low the rmal  e m i t t a n c e  i s  
d e s c r i b e d  a s  a  s e l e c t i v e  a b s o r b e r  s u r f a c e ,  and s i n c e  1955 [2 ]  a  s i g n i f i c a n t  
s c i e n t i f i c  e f f o r t  h a s  a t t e m p t e d  t o  a c h i e v e  t h e  i d e a l  s t e p - f u n c t i o n  o p t i c a l  
p r o p e r t i e s  i l l u s t r a t e d  a s  t h e  dashed l i n e  i n  F i g u r e  2-2. 

A s i n g l e  m a t e r i a l  w i t h  t h e  a p p r o p r i a t e  p r o p e r t i e s  i s  t h e  p r e f e r r e d  c h o i c e  from 
a p r o c e s s i n g  p o i n t  of view; however, a t  p r e s e n t  hafnium c a r b i d e  (HfC) and 
rhenium ox ide  (Re03) ,  b o t h  hav ing  r e l a t i v e l y  poor o p t i c a l  s e l e c t i v i t y ,  a r e  t h e  
b e s t  c a n d i d a t e s  i n  t h i s  c a t e g o r y  [ 3 ] .  I n  p r a c t i c e ,  s u c c e s s f u l  s e l e c t i v e  s o l a r  
a b s o r b e r  m a t e r i a l s  u t i l i z e  a  combinat ion of t h e  p h y s i c a l  ~ ~ l e c l ~ a n i s m s  l i s t e d  i n  
T a b l e  2-1. 

The s t a t u s  of commercial  and developmental  a b s o r b e r  s u r f a c e s  i s  summari.ze.d i.n 
T a b l e  2-2. A l i t e r a t u r e  su rvey  h a s  r e v e a l e d  more t h a n  1 ,000 r e f e r e n w s  t o  
s e l e c t i v e  s o l a r  a b s o r b e r s  and,  t h e r e f o r e ,  c i t a t i o n s  w i l l  be made t o  secondary 
( r e v i e w )  s o u r c e s  wherever  p o s s i b l e .  A good overview of s e l e c t i v e  a b s o r b e r  
s u r f a c e s  i s  found i n  r e f e r e n c e s  [3-iO]. 

2.1.1.1 S e l e c t i v e  

Black chrome ( a  g r a n u l a r  f i l m  o t  C r  m e t a l  and mixed chrome ox ide  p a r t i c l e s )  
domina tes  t h e  a b s o r b e r  s u r f a c e  market i n  b o t h  f l a t  p l a t e  s o l a r  c o l l e c t o r s  and 
i n  c o n c e n t r a t i n g  c o l l e c t o r s  where t h e  peak t e m p e r a t u r e s  a r e  below 300°C. T h i s  
e l e c t r o p l a t e d  c o a t i n g  h a s  a  s o l a r  a b s o r p t a n c e  of 0.95 and a  the rmal  e m i t t a n c e  
a t  100°C below 0.10,  when d e p o s i t e d  on a  rough n i c k e l  r e f l e c t o r  l a y e r .  



Temperature ( O C )  

Figure 2-1 Receiver Thermal Efficiency 



Optimum Spectral Reflectance of a Selective 

2.0 
Absorber Surface 

-0 

Note: The wavelength for the optimum reflectance step (dasRed line1 depends on the temperature cf the radiating surface (19). 

Figure 2-2  
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Generic Types of Selective Absorber Surfaces 

Single Material with Ideal Intrinsic Solar Absorptance / l R 
Reflectance 

Bilayer (IR reflector / solar absorber tandem) 

Surface Topography (light trapping morphology with 
physical dimension approximately equal to the 
wavelength of the solar spectrum) 

Small Particle Effects (Mie scattering, resonance and 
dielectric anolamies) 

Table 2-1  



T Stability*' 
(%I 

300 
Supplier(S) / Developer(D1 Maturity* ' as ctKI 

Many 5 IlowT) 0.94-0.96 0.05-0.1@~100) 
4 (highT) 0.200.25(300) 

Material 
Black Chrome 

Technique 
electro-deposited 

Issues Ref 
n 

Pyromark 

S-31 
Nonselective 

paint 

paint 
Tempil 

Rockwell International adhesion, 27 
curing 

process 

SOLARTEX 
SOLAROX 
(Proprietary: 
Black Epoxy 
436-3-8 
Enersorb 
7729 
R-412 
5779 

Electro-Deposited Dornier IW. Germany) Product 
Literature 

Paint Amicon Corp. 
Bostik (U.S.M. Corp.) 
Desoto 
C. H. Hare 
Rusto-leum Co. 

Nextel 
(nonselective) 

product 
bulletin 206 

NOVAMET 150 
(proprietary1 

MAXORB 

Ergenics 5 0.96 0.84 

(proprietary) Ergenics 5 0 .97(9 l )  O.lO[ .'Dl 

Tabor black 
INiSIZnSI 

electrodeposited 
& overooat 

Miromit 5 0.91 0.14 

Vacuum deposited 

.AI,O,Mo-AI,O, 
(AMA) 
Multilayer 
(proprietary: 

NiS/ZnS 

sputtering 
evaporstion 

proprietary 

Honeywell 

OCLl 

2 Layer Elec- 
troplated 
paint 

Many 3 0.96 0.07 moisture 9 
sensitive 

adhesion, 27 
curing 

8 

Proprietary 
Inorganic 

Selective 
paint 

S i /Ag  . 
bilayer w IAR  

CuO / Ag i R h,O, 

Martin Marietta 3 0.9-0.95 0.9-0.95 

dip coated Honeywell 3 0.92 0.13(10C~: 

CVD U. of Arizona 

Engel hard fired o-gam- 
metallic paint 

fired 0.- jam- 
metallic paint ' 

Engel hard 3 0.8 0.06 

Silicone b 
silicate 

AU / AI,O, 
(cermet) 

CU / AI,O, 
(cermet) 

SnO,:F/ Black 
Enamel 

paint 

sputtering 

EXXON 

U. of Sydney 

U. of Sydney 2 0.91 0.045(2)1 sputter ng 

Very 
Rugged 

University of Delft 
(The Netherlands) 



sten' sputtering IBM 
stainless steel chemical con- 
dendrites version 

Gold smokes gas e.raporation Many 

angle of 
incidence 

Germanium gas e5raporation Many 

paint (silicone 
binder) 

etched 

rf sputtering 

Penn State U. 
h1IT Lincoln Labs Au/  MgO 

cermet 

Cr / Cr,O, 
cermet 

SiO-Cr-SiO 
multilayer 

Ni / AI,O, 
cermet 

rf sputtering MIT -incoln Labs 

vacuum evaporation 

evaporation Corml l  U. 

Cornell U. 

ANL! BNL 

RCA 

Pt I AI,O, 
cermet 

vacuum evap 

plasma discharge 

sputtering Si / CaF, 
G e l  CaF, 
cermets 

AI,O, / 
ZrCxNL 1 Ag 

reactive 
sputtering 

Albany, Or 
Buresu of Mines 

Aluminum anodhed (organic 
dye) 
a n o d ~ e d  IKMnO, 
dye) 

vacuum deposited UV & 0, 9 
stability 

PbS 

paint [silicone 
binder) 

binder 
thickness 

Cu,S chemical conversion 1 0.79 0.21200) 

WC + Co plasma spray 

Cr,O, + Co plasma spray 

c0,04 electroplated 
304 stainless chemical conversion 
steel thermal oxide 1760°C) 

lnconel thermal oxide llOOO°C) 
and lncoloy 

Steel lFe,O,) chemical conversion 

*Maturity: development status of absorber surfaces, 5 commercial, 3 development,, 1 research. 
I 

**,Temperature stability for most absorber surfaces is poorly defined and depends critically on exposure 
environmemt, conditions of test and survival criteria. 

Properties of selected Solar Absorber Surfaces 
Table 2-2 
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A t  300°C t h e  the rmal  e m i t t a n c e  i s  approx imate ly  0.25. F o r  a p p l i c a -  
t i o n s  above 300°C b l a c k  chrome h a s  shown a n  i r r e v e r s i b l e  d e g r a d a t i o n  i n  s o l a r  
a b s o r p t a n c e ;  however, r e c e n t  Sandia-Albuquerque r e s e a r c h  h a s  p r o g r e s s e d  toward 
s t a b i l i z i n g  b l a c k  chrome .for a p p l i c a t i o n s  t o  400°C by c o n t r o l l i n g  t h e  C r  +3 

b a t h  c o n c e n t r a t i o n  d u r i n g  e l e c t r o p l a t i n g  [ l  11 . Black chrome produced by 
r e a c t i v e  s p u t t e r i n g  o r  p h y s i c a l  vapor  d e p o s i t i o n  (PVD) o n t o  m e t a l l i z e d  g l a s s  
t u b e s  i s  used  by m a n u f a c t u r e r s  of evacua ted  t u b e  s o l a r  c o l l e c t o r s  [ 1 2 ] .  

E l e c t r o p l a t e d  b l a c k  n i c k e l  (NiS) c o a t i n g s  have been s t u d i e d  e x t e n s i v e l y ,  and 
some commercial  c o a t i n g s  have been a p p l i e d  t o  f l a t  p l a t e  c o l l e c t o r s .  Black 
n i c k e l  ' i s  n o t  u s e f u l  above 250°C and does  n o t  r e s i s t  humidi ty  w e l l ,  t h u s  
r e q u i r i n g  a  p r o t e c t i v e  o v e r c o a t .  A polymer o v e r c o a t  t h i c k  enough t o  a c t  a s  a  
m o i s t u r e  b a r r i e r  a l s o  c o n t r i b u t e s  t o  t h e  the rmal  e m i t t a n c e  of t h e  b l a c k  n i c k e l  
a b s o r b e r  s u r f a c e ,  t h u s  r e d u c i n g  t h e  o p t i c a l  e f f i c i e n c y  f o r  some a p p l i c a t i o n s .  

The a lumina-moly bdenum-alumina (AMA) a b s o r b e r  c o a t i n g  on a  t h i n  molybdenum 
l a y e r  d e p o s i t e d  on s t a i n l e s s  s t e e l  i s  a s o p h i s t i c a t e d  e v a p o r a t e d  o r  s p u t t e r e d  
m u l t i l a y e r  i n t e r f e r e n c e  c o a t i n g  developed by Honeywell. The c o a t i n g  a p p e a r s  
t o  be s t a b l e  t o  500°C, w i t h  room tempera tu re  s o l a r  a b s o r p t a n c e  t o  0.96 and 
t h e r m a l  e m i t t a n c e  of approx imate ly  0.10. High-temperature d e g r a d a t i o n  r e s u l t s  
f rom t h e  d i f f u s i o n  o f  oxygen and ca rbon  from t h e  s t a i n l e s s  s t e e l .  A d i f f u s i o n  
b a r r i e r ,  such a s  a  t h e r m a l l y  grown chrome ox ide  l a y e r  between t h e  rnolybdenum 
and  t h e  s t a i n l e s s  s t e e l ,  may e x t e n d  t h e  t empera tu re  range t o  6 0 0 ' ~ :  Recent 
work on m u l t i l a y e r s  h a s  demons t ra ted  o p t i c a l  p r o p e r t i e s  of a ,  = 0.95 and c t  = 
0.05 f o r  a p p l i c a t i o n s  t o  100°C [ 1 3 ] .  

2.1.1.2 Non-Selective 

A  l a r g e  number of b l a c k  p a i n t s ,  most of which a r e  n o t  optimum f o r  s o l a r  
a p p l i c a t i o n s ,  a r e  a v a i l a b l e  from commercial  sources .  Pyromark p a i n t  [14]  h a s  
been  e x t e n s i v e l y  t e s t e d  f o r  t h e r m a l  and pho to thermal  d e g r a d a t i o n  i n  connec t ion  
w i t h  t h e  Bars tow,  C a l i f o r n i a  10 MWe c e n t r a l  r e c e i v e r  p i l o t  p l a n t .  When 
p r o p e r l y  a p p l i e d  t h e  p a i n t  i s  a d h e r e n t  and h a s  a s t a b l e  s o l a r  a b s o r p t a n c e  
g r e a t e r  t a n  0.95 f o r  peak t e m p e r a t u r e s  and s o l a r  f l u x e s  i n  e x c e s s  of 800°C 3 and  1 MW/m , r e s p e c t i v e l y .  

Black p a i n t s  f o r  a p p l i c a t i o n s  above 500°C have been developed by McDonnell- 
Douglas and Mar t in -Mar ie t t a ;  however, compl ica ted  p r o c e s s i n g  and adhes ion  
problems w i t h  t h e s e  p a i n t s  have focused  a t t e n t i o n  on Pyromark. 

N o n s e l e c t i v e  plasma s p r a y  c o a t i n g s  have been i n v e s t i g a t e d  f o r  u s e  above 500°C. 
The r a n g e  of r e p o r t e d  s o l a r  a b s o r p t a n c e  v a l u e s  [ 9 ,  1 5 ,  161 i s  n o t  o u t s t a n d i n g  
a n d ,  t o  d a t e ,  a p p l i c a t i o n s  have n o t  r e q u i r e d  t h e  p o t e n t i a l  h igh- temperature  
d u r a b i l i t y  of such  c o a t i n g s .  

2.1.2 Developmental  Absorber  S u r f a c e s  

The DOE RfD e f f o r t  i n  a b s o r b e r  s u r f a c e s  i s  funded by Energy Technology ( E T ) ,  
C o n s e r v a t i o n  and S o l a r  A p p l i c a t i o n s  (CS),  and t h e  B a s i c  Energy Sc ience  Divi-  
s i o n  of t h e  O f f i c e  of Energy Research  (OERIBES). 
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2.1.2.1 Energy Technology 

The Absorber  M a t e r i a l s  Program s u p p o r t e d  by t h e  Advanced S o l a r  Thermal  Tech- 
noiogy Program i s  comprised of s e v e n  c o n t r a c t s  w i t h  r e s e a r c h  on s i x  t o p i c s :  
( 1 )  t h e  development of h igh- tempera tu re  n o n s e l e c t i v e  b l a c k  p a i n t s  (Exxon);  ( 2 )  
t h e  development of semiconduc to r /meta l  m u l t i l a y e r  s e l e c t i v e  a b s o r b e r  f i l m s  
d e p o s i t e d  by chemica l  vapor  t e c h n i q u e s  ( U n i v e r s i t y  of Arizona)  ; ( 3 )  t h e  
development of s e l e c t i v e  c o a t i n g s  u s i n g  m e t a l l o - o r g a n i c  p a i n t  technology 
(Enge lha rd  I n d u s t r i e s ) ;  ( 4 )  t h e  development of m e t a l / i n s u l a t o r  and semiconduc- - 
t o r / i n s u l a t o r  composi te  a b s o r b e r s  ( C o r n e l l  U n i v e r s i t y  and RCA L a b o r a t o r i e s ) ;  
( 5 )  t h e  i n v e s t i g a t i o n  of t h e  mechanisms of a b s o r p t a n c e  and e m i t t a n c e  and t h e  
d e g r a d a t i o n  of t h e  o p t i c a l  p r o p e r t i e s  of a b s o r b e r  c o a t i n g s  ( C o r n e l l  U n i v e r s i t y  
and U n i v e r s i t y  of Houston) ;  and ( 6 )  a n a l y t i c a l  s u p p o r t  f o r  chemica l  and a tomic  
a n a l y s i s  and t h e  i n v e s t i g a t i o n  of s p u t t e r i n g  t e c h n i q u e s  f o r  p roduc ing  s e l e c -  
t i v e  a b s o r b e r  c o a t i n g s  ( U n i v e r s i t y  of Minneso ta ) .  Four a b s o r b e r  c o a t i n g s  w i t h  
e x c e l l e n t  o p t i c a l  p r o p e r t i e s  have been demons t ra ted  by t h e  program: Exxon 
p a i n t s  [ as  0.981, Engelhard  m e t a l l o - o r g a n i c  f i l m s  of t h e  Ag/CuO/Rh203 
t y p e  [ a s  = 0.91,  ~ ~ ( 3 0 0 ° C )  = 0.1-0.21 and two C o r n e l l  U n i v e r s i t y  c e r m e t s ,  
Ni/A120 [as  = 0.94,  ~ ~ ( 1 0 0 ° C )  = 0.161 and  Pt/A1203 [ a s  - > 0 .9 ,  c t  2 0.3 
(60O0C)7. 

I n  a d d i t i o n ,  t h e  U n i v e r s i t y  of Houston m o d e l l i n g  a c t i v i t y  may l e a d  t o  a  b e t t e r  
u n d e r s t a n d i n g  of t h e  d e g r a d a t i o n  of b l a c k  chrome. 

Two c o n t r a c t s  were completed d u r i n g  FY77. The U n i v e r s i t y  of Arizona concluded 
t h a t  t h e  h i g h  t e m p e r a t u r e  t h e r m a l  o x i d e s  on t h e  s u r f a c e  of many c o n s t r u c t i o n  
a l l o y s  have a  s t a b l e  s o l a r  a b s o r p t a n c e  between 0.8 and 0.9. A s t u d y  by 
Argonne N a t i o n a l  L a b o r a t o r y  concluded t h a t  amorphous s i l i c o n  c a n  be p reven ted  
f rom c r y s t a l l i z i n g  a t  t e m p e r a t u r e s  above 500°C and t h a t  a  s o l a r  a b s o r p t a n c e  of 
0.91 c a n  be o b t a i n e d  w i t h  a  lpm t h i c k  f i l m ,  i f  t h e  r e f l e c t i o n  l o s s  a t  t h e  
s e m i c o n d u c t o r / a i r  i n t e r f a c e  can  be e l i m i n a t e d .  

2.1.2.2 C o n s e r v a t i o n  and S o l a r  A p p l i c a t i o n s  

R e s e a r c h  and development a c t i v i t i e s  f o r  improved a b s o r b e r  s u r f a c e s  f o r  low- 
t e m p e r a t u r e  and p a s s i v e  a p p l i c a t i o n s  a r e  b e i n g  funded th rough  SHAC R&D and 
were  i n i t i a t e d  th rough  PRDA 3 and ,  RFP 22 procurements  i n  F Y / / .  'l'hese con- 
t r a c t s  w i l l  e x p l o r e  e l e c t r o p l a t e d  c o a t i n g s  ( B e r r y  S o l a r  P r o d u c t s )  , e l e c t r o -  
d e p o s i t i o n  of p a i n t  (DeSoto, I n c . ) ,  s e l e c t i v e  p a i n t s  (Honeywel l ) ,  b lack  
germanium (Penn S t a t e ) ,  r e a c t i v e l y  s p u t t e r e d  c o a t i n g s  (TELIC), and c o a t i n g  
s t a b i l i t y  ( O w e n s - I l l i n o i s ) .  Under e a r l i e r  c o n t r a c t s  from NSF, Honeywell has  
demons t ra ted  s e l e c t i v e  p a i n t s  w i t h  s o l a r  a b s o r p t a n c e  g r e a t e r  t h a n  0.9 and 
t h e r m a l  e m i t t a n c e  of approx imate ly  0.15 u s i n g  a n  iron-manganese-copper o x i d e  
pigment i n  e i t h e r  s i l i c o n e  o r  a l i p h a t i c  u r e t h a n e  b i n d e r s  [ 1 7 ] .  

2.1.2.3 B a s i c  Energy S c i e n c e s  

M a t e r i a l s  r e s e a r c h  f o r  pho to the rmal  c o n v e r s i o n  i s  a l s o  funded th rough  B a s i c  
Energy S c i e n c e s  (BES). I n  FY77, t h i s  work i n c l u d e d  o p t i c a l  p r o p e r t i e s  mea- 
su rements  (Ames, Argonne, and Oak Ridge N a t i o n a l  ~ a b o r a t o r i e s ) ;  amorphous 
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m a t e r i a l s  (Argonne, Lawrence B e r k e l e y ,  and Brookhaven N a t i o n a l  L a b o r a t o r i e s ) ;  
s p u t t c r c d  c o a t i n g s  ( B a t t e l l e  P a c i f i c  Northwest L a b o r a t o r y ) .  The program has  
been  expanded s i g n i f i c a n t l y  i n  FY78 and i n c l u d e s  a  c o n t r a c t  w i t h  t h e  U n i v e r s i -  
t y  of Ar izona  t o  s t u d y  t h e  p r e p a r a t i o n  of h igh-absorp tance  amorphous semicon- 
d u c t o r  f i l m s  by CVD and  work a t  Brookhaven N a t i o n a l  L a b o r a t o r i e s  t o  i n v e s t i -  
g a t e  amorphous m a t e r i a l s .  

2.1.2.4 Other  (Non-DOE) 

Non-DOE sponsored  a c t i v i t i e s  have i n c l u d e d  a  wide range of s t u d i e s .  The 
c h e m i c a l  m o d i f i c a t i o n  of s u b s t r a t e  s u r f a c e s ,  such  a s  t h e  sodium d ichromate  
[Ebanol ]  t r e a t m e n t  of copper ,  s t e e l ,  and s t a i n l e s s  s t e e l  and o x i d a t i o n  o r  
s u l f i d i z a t o n  o f  c o n s t r u c t i o n  m a t e r i a l s  h a s  been e x p l o r e d  w i t h  some success .  
T e x t u r a l  a n d / o r  s e l e c t i v e  m i c r o s t r u c t u r a l  s c a t t e r i n g  e f f e c t s  s u c h  a s  d e n d r i t i c  
t u n g s t e n ,  l e a d  s u l f i d e  on aluminum, w i r e  mesh, and V-groove s u r f a c e s  have been 
i n v e s t i g a t e d .  R&D h a s  a l s o  been done on mie s c a t t e r i n g  f i l m s  such  a s  m e t a l  
smokes,  m e t a l - i n s u l a t o r ,  o r  s e m i c o n d u c t o r - i n s u l a t o r  combinat ions  produced by 
c o s p u t t e r i n g  o r  coevapora t ion .  G o l d / i n s u l a t o r  ce rmets  have demonstra ted 
o p t i c a l  p r o p e r t i e s  ( a s  >0.9,  et (100°C) <0.05) w i t h  p o t e n t i a l  a p p l i c a t i o n s  i n  
e v a c u a t e d  t u b e  o r  i n e r t  g a s  c o l l e c t o r  geomet r ies .  

A  l a r g e  number of c o n c e p t s  f o r  s e l e c t i v e  s o l a r  a b s o r b e r s  have been demonstra t -  
e d  b o t h  w i t h i n  and o u t s i d e  DOE programs. O b t a i n i n g  t h e  p r o p e r  o p t i c a l  proper- 
t i e s - - a l t h o u g h  n o t  t r i v i a l - - i s  on ly  t h e  f i r s t  s t e p  toward producing a  v i a b l e  
commercia l  a b s o r b e r  s u r f a c e .  The i s s u e s  of concern  t o  a b s o r b e r  s u r f a c e  
d e v e l o p e r s  and u s e r s  a r e  l i s t e d  i n  T a b l e  2-3. L i m i t a t i o n s  i n  t h e  reproduc- 
i b i l i t y  of t h e  p r o d u c t i o n  p r o c e s s ,  magni tude of ' the  o p t i c a l  a c c e p t a n c e  a n g l e ,  
d u r a b i l i t y ,  and  c o s t  have mot iva ted  c o n t i n u e d  e x p l o r a t i o n  of new concep ts ;  
however,  a s  t h e  f i e l d  matures  t h e  b e n e f i t s  d e r i v e d  from new c o n c e p t s  must be 
e v a l u a t e d  w i t h  r e s p e c t  t o  e v o l u t i o n a r y  r e s e a r c h  t o  a d d r e s s  t h e  l i m i t a t i o n s  of 
e s t a b l i s h e d  a b s o r b e r  sys tems.  The program management of t h e  Absorber  S u r f a c e s  
Program w i l l  pe r fo rm t h i s  e v a l u a t i o n  and ba lance  t h e  program a c c o r d i n g l y .  

2.2 APPLICATIONS 

The r e c e i v e r  s u r f a c e  i s  common t o  a l l  s o l a r  t h e r m a l  s y s t e m s ,  from p a s s i v e  
s t r u c t u r a l  e l e m e n t s  t o  p o i n t  f o c u s  c o l l e c t o r s .  The systems under  cons idera -  
t i o n  and t h e  range  of o p e r a t i n g  t e m p e r a t u r e s  and c o n c e n t r a t i o n  r a t i o s  a r e  
summarized i n  T a b l e  2-4. For many a p p l i c a t i o n s  t h e  d e s i g n  o p e r a t i n g  tempera- 
t u r e  (500°C) i s  l i m i t e d  by o t h e r  m a t e r i a l s  c o n s t r a i n t s  t h a n  a b s o r b e r  m a t e r i a l  
a v a i l a b i l i t y  ( s u c h  a s  working f l u i d l h e a t  t r a n s f e r  sys tem c o m p a t i b i l i t y . )  
Should  t h e s e  c o n s t r a i n t s  be removed and o p e r a t i n g  t e m p e r a t u r e s  i n c r e a s e  
renewed i n t e r e s t  i n  h i g h  t empera tu re  s e l e c t i v e  a b s o r b e r s  may be expected.  It 
i s  impor tan t  t h a t  p o t e n t i a l l y  v i a b l e  sys tems n o t  f a i l  i n  commerc ia l i za t ion  
b e c a u s e  of t h e  l a c k  of a  s u i t a b l e  a b s o r b e r  s u r f a c e .  It i s  a l s o  impor tan t  t h a t  
sys tems  t h a t  a r e  n o t  p o t e n t i a l l y  v i a b l e  n o t  be used t o  j u s t i f y  a b s o r b e r  
s u r f a c e  R&D. I n  a d d i t i o n ,  a b s o r b e r  s u r f a c e  development cannot  be j u s t i f i e d  
f o r  sys tems t h a t  do n o t  b e n e f i t  s i g n i f i c a n t l y  from improved r e c e i v e r  o p t i c a l  
p r o p e r t i e s .  
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lssues of Concern for Absorber Surfaces 

e '  Operating Efficiency 
High as(T) 
Low c t(T) 
Angle of incidence effects 
High thermal conductivity 

Operating Life and Degradation Mechanisms 
Temperature stability (maximum operating temperature, 

gradient, transients [shock], and cycling [fatigue] ) 
Effects of solar photon f lux (UV) 
Impact and abrasion resistance (dust and hail) 
Effect of adherent dust on optical properties 

Chemical stability (atmospheric, working fluid and 
system contamination, rain, humidity) 

Vacuum stability 

Repairability 

Cost/ uni t  area 

Materials resource limitation or vulnerability 

Geometrical constraints .in application of coating 

Shaping or forming after coating 
8 

Limitations on substrate candidates 

Table 2 - 3  
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Solar Thermal Systems* 

System T, ( OC) Ac /A, 

Passive 

Flat Plate 

~ v a c u a t e d  Tube (CPC, V troughs) 

Linear Fresnel and Cylindrical Trough ?50-250 6-10 

Linear Parabolic & Segmented Linear 
Array Tracking System (SLATS) 

T w o  Axis Tracking Fresnel 

Spherical Reflector Tracking Absorber 

Two Axis Tracking Parabolic Dish 

Central Receivers - Barstow 10 MWe 

Steam Cycle (Ext. Rec.) 100 MWe 

Adv. Molt .  Salt 6 Metal (Ext. Rec.1 

Adv. Open & Closed Adv. Brayton 
Cycles (cavity receiver) 

*Parameters defined in  equation 1 Assumes T = .83, E = 1.0, p = .85, (d = 790 W/mz,  T, = 27OC 
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The i d e n t i f i c a t i o n  of v i a b l e  sys tems i n v o l v e s  a  complex i t e r a t i v e  p r o c e s s .  
The marke tp lace  i s  t h e  u l t i m a t e  t e s t  of a l l  sys tems ;  however, R&D s u p p o r t  
programs must p r e j u d g e  t h i s  p r o c e s s  and e r r  on t h e  s i d e  of p r o t e c t i n g  t h e  
development p r o c e s s  where budge t s  a l l o w .  The o v e r a l l  sys tem c o s t - e f f e c t i v e -  - 
n e s s  i s  t h e  f a c t o r  t h a t  w i l l  de te rmine  market  a c c e p t a n c e ,  and t h e  c o s t / p e r -  
formance of t h e  r e c e i v e r  sys tem c a n  be judged on ly  a s  p a r t  of t h e  t o t a l *  
system. The Absorber  S u r f a c e s  Program w i l l  a n t i c i p a t e  t h a t  s p e c i f i c  sys tems 
w i l l  be developed u n t i l  a n a l y s e s  and exper iments  i n d i c a t e  t h a t  t h e  concep t  i s  
n o t  v i a b l e ,  a s  a  r e s u l t  of f a c t o r s  o t h e r  t h a n  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 c e i v e r .  

2.3 BENEFIT ANALYSIS 

Whether funds  shou ld  be i n v e s t e d  i n  t h e  development of a b s o r b e r s s u r f a c e s  f o r  a  
p a r t i c u l a r  a p p l i c a t i o n  and,  i f  s o ,  t h e  t y p e  of  c o a t i n g  r e q u i r e d ,  c a n  be 
de te rmined  on ly  a f t e r  c r i t i c a l  ana1ys;s. When R&D f u n d s  a r e  l i m i t e d ,  such 
a n a l y s i s  must i n c l u d e  t h e  a p p r o p r i a t e  d i s t r i b u t i o n  of funds  among competing 
component improvements. R&D i n v e s t m e n t s  l e a d i n g  t o  a  p o t e n t i a l l y  l a r g e r  
d e c r e a s e  i n  t h e  c o s t  of d e l i v e r e d  energy shou ld  be funded f i r s t ;  however, 
s i n c e  t h e r e  , i s  a  c r i t i c a l  minimum l e v e l  of fund ing  f o r  m a i n t a i n i n g  e x p e r t i s e  i 

i n  a r e a s  of lower  p r i o r i t y ,  t h e s e  a r e a s  must be funded b u t  a t  a  reduced l e v e l  
i n  p r o p o r t i o n  t o  p o t e n t i a l  impact .  I f  a l l  t h e  R&D a r e a s  i n  s o l a r  t h e r m a l  
power, f o r  i n s t a n c e ,  a r e  independen t ly  and a c c u r a t e l y  a s s e s s e d  ( h e a t  e n g i n e s ,  , 
h e a t  t r a n s f e r  f l u i d s ,  r e c e i v e r  h e a t  t r a n s f e r ,  r e f l e c t o r  m a t e r i a l s ,  and absorb-  
e r  m a t e r i a l s ) ,  budge t s  c a n  be a s s i g n e d  r a t i o n a l l y  on t h e  b a s i s  of r e l a t i v e  
impact  coup led  w i t h  f i s c a l  c o n s t r a i n t s .  I n  a d d i t i o n ,  t h e s e  same R&D p l a n s  
p r o v i d e  a  powerful  t o o l  i n  subsequen t  budget c y c l e s  t o  r e l i e v e  some f i s c a l  
c o n s t r a i n t s .  

There  a r e  t h r e e  e l e m e n t s  i n  t h e  b e n e f i t  a n a l y s i s  of a b s o r b e r  s u r f a c e s :  
o p t i c a l  performance of  t h e  s u r f a c e ,  t h e  c o s t  of p roduc ing  t h e  d e s i r e d  proper-  
t i e s ,  and t h e  d u r a b i l i t y  o r  l i f e c y c l e  c o s t  of t h e  s u r f a c e .  The r e l a t i v e  
impor tance  of t h e  t h r e e  pa ramete r s  f o r  a  s p e c i f i c  a p p l i c a t i o n  depends on t h e  
sys tem d e s i g n ,  i n c l u d i n g  t h e  o p e r a t i n g  t e m p e r a t u r e ,  t h e  geomet r i c  concen t ra -  
t i o n  r a t i o ,  and t h e  r e c e i v e r  geometry. For  low c o n c e n t r a t i o n  r a t i o  sys tems 
t h e  c o s t  of t h e  a b s o r b e r  s u r f a c e  i s  i m p o r t a n t ;  a s  t h e  c o n c e n t r a t i o n  r a t i o  
i n c r e a s e s ,  however, t h e  breakeven c o s t  of improving r e c e i v e r  o p t i c a l  p rope t -  
t i e s  based on t h e  r e d u c t i o n  of expens ive  m i r r o r  o r  l e n s  a r e a  may be a s  h i g h  a s  
s e v e r a l  thousand d o l l a r s  p e r  s q u a r e  mete r  [181, assuming s u i t a b l e  d u r a b i l i t y .  
F o r  h igh- tempera tu re  c a v i t y  a p p l i c a t i o n s ,  l i t t l e  o r  no concern  f o r  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 c e i v e r  s u r f a c e  may be . j u s t i f i e d ;  however, t h e  mechan ica l  
( m a t e r i a l )  d u r a b i l i t y  of t h e  s u r f a c e  a s  a b a r r i e r  t o  cheminal  o r  p h y s i c a l  
d e g r a d a t i o n  of t h e  r e c e i v e r  s t r u c t u r e  may be of c o n s i d e r a b l e  i n t e r e s t .  

Each of t h e  t h r e e  p a r a m e t e r s  w i l l  be e x p l o r e d  i n  some d e p t h  i n  t h e  f o l l o w i n g  
p a r a g r a p h s ,  and t h e  s e c t i o n  w i l l  conc lude  w i t h  a  d i s c u s s i o n  of t h e  b e n e f i t  of 
c u r r e n t ' a b s o r b e r  s u r f a c e  R&D based on expec ted  f u t u r e  va lue .  
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2.3.1 O p t i c a l  Performance A n a l y s i s  

The d i r e c t  o p t i c a l  b e n e f i t  of a  s e l e c t i v e  s o l a r  a b s o r b e r  i n c r e a s e s  w i t h  
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  and d e c r e a s i n g  s o l a r  c o n c e n t r a t i o n  r a t i o .  The 
p a r a m e t e r p ,  i n t r o d u c e d  i n  T a b l e  2-4, i s  a  measure of t h i s  s e n s i t i v i t y  of 
r e c e i v e r  e f f i c i e n c y  t o  t h e  e m i t t a n c e  of t h e  a b s o r b e r  s u r f a c e .  

I f  c o n d u c t i o n  and c o n v e c t i o n  l o s s e s  a r e  n e g l e c t e d ,  e q u a t i o n  1  ( p a g e  5  ) c a n  be 
re -expressed  a s  

and  i t  i s  c l e a r  t h a t  Bet must be l e s s  t h a n  a s  f o r  t h e  o p e r a t i n g  t e m p e r a t u r e  of 
a s y s t e m  t o  be a t t a i n e d .  

To i d e n t i f y  l e g i t i m a t e  development g o a l s ,  a  d e t a i l e d  b e n e f i t  a n a l y s i s  h a s  been 
s t a r t e d  a t  JPL. I n  a d d i t i o n ,  Sandia-Albuquerque [ 1 9 ] ,  Sandia-Livermore [ 2 0 ] ,  
and  s e v e r a l  c e n t r a l  r e c e i v e r  c o n t r a c t o r s  have a l s o  begun systems a n a l y s i s  
s t u d i e s  t o  a s s e s s  t h e  b e n e f i t  of improved r e c e i v e r  o p t i c a l  p r o p e r t i e s  on 
s p e c i f i c  sys tem d e s i g n s .  

The measured e f f e c t  of a  s e l e c t i v e  a b s o r b e r  f o r  f l a t  p l a t e  sys tems h a s  been 
a d d r e s s e d  by NASA-Lewis [ 2  1, 221 . These measurements,  which a r e  c o r r o b o r a t e d  
by S p i t z  1231, i n d i c a t e  t h a t  by r e p l a c i n g  a  n o n s e l e c t i v e  w i t h  a s e l e c t i v e  
a b s o r b e r ,  t h e  a b s o l u t e  improvement i n  r e c e i v e r  e f f i c i e n c y  (Aq) i s  0.1 t o  0.15. 
The r e l a t i v e  improvement i n  r e c e i v e r  performance  AT/^) i s  dependent on t h e  
o p e r a t i n g  c o n d i t i o n s  and t h e  performance of o t h e r  r e c e i v e r  components (e .g . ,  
t r a n s m i s s i o n  of t h e  g l a z i n g )  and c a n  e a s i l y  exceed 1002. 

Measured performance improvements f o r  p a r a b o l i c  t r o u g h s  w i t h  b lack  chrome i n  
p l a c e  of a  n o n s e l e c t i v e  a b s o r b e r  i n d i c a t e  a b s o l u t e  improvements i n  r e c e i v e r  
e f f i c i e n c y  A q =  0.20 a t  250°C t o  300°C c o r r e s p o n d i n g  t o  a  Afl/tl of 150% [24] , 

Two r e c e n t  s t u d i e s  [ l ,  201 have e x p l o r e d  i n  g r e a t e r  d e t a i l  t h a n  p r e v i o u s  work 
t h e  t r a d e o f f s  f o r  g e n e r i c  systems. These s t u d i e s  have c a l c u l a t e d  t h e  b e n e f i t  
o f  r e c e i v e r  e f f i c i e n c y  improvement, I$,  d e f i n e d  as 

f o r  a r e c e i v e r  w i t h  3 s p e c i f i c  c e l e c t i v e  a b c o r b c r  s u r f a c e  (Ts) comparcd t o  a 
r e c e i v e r  w i t h  a  s p e c i f i c  n o n s e l e c t i v e  a b s o r b e r  ( q r ) .  I s o b e n e f i t  c o n t o u r s  i n  
t h e  s p a c e  of r e c e i v e r  t e m p e r a t u r e  v e r s u s  i n c i d e n t  f l u x  on t h e  r e c e i v e r  a r e  
p l o t t e d  i n  F i g u r e  2-3, and t h e  o v e r l a p  of r e c e i v e r  o p e r a t i n g  c o n d i t i o n s  w i t h  
r e g i o n s  of h i g h  b e n e f i t  i s  i l l u s t r a t e d .  These a n a l y s e s  p rov ide  a  necessa ry  



Solar Flux Incident on Receiver Qinc (kW l m2) , . 

Figure 2-3 lsobenefit Contours for an Ideal Step Change Absorber Surface Reflectance [11 . . 



b u t  n o t  a s u f f i c i e n t  c o n d i t i o n  f o r  t h e  development of a n  a b s o r b e r  s u r f a c e  f o r  
a g e n e r i c  a p p l i c a t i o n .  D e t a i l e d  a n a l y s i s  of  t h e  o v e r l a p  r e g i o n  f o r  s p e c i f i c  
s y s t e m s  i s  r e q u i r e d  t o  d e t e r m i n e  s p e c i f i c  b e n e f i t s .  

A d e t a i l e d  J P L  a n a l y s i s  on s p e c i f i c  sys tems was done t o  d e t e r m i n e  t h e  b e n e f i t  
o f  o p t i c a l  s e l e c t i v i t y .  T h i s  a n a l y s i s  was a  f u n c t i o n  o f :  

t y p e  of  c o n c e n t r a t o r  
* l i n e a r  ( p a r a b o l i c  t r o u g h )  
* p o i n t  ( c e n t r a l  and d i s t r i b u t e d  r e c e i v e r )  

t y p e  of r e c e i v e r  
* e x t e r n a l  
* c a v i t y  

g e o m e t r i c  c o n c e n t r a t i o n  r a t i o  

a a b s o r b e r  t e m p e r a t u r e  

The s i m p l i f y i n g  assumpt ions  used t o  perform t h e s e  a n a l y s e s  a r e  i m p o r t a n t ,  and 
t h e  r e a d e r  s h o u l d  r e f e r  t o  [25,261 f o r  d e t a i l s .  C h a r a c t e r i s t i c s  of t h e  
s e l e c t i v e  a b s o r b e r  s u r f a c e s  were assumed t o  be id.ea1;  t h a t  i s ,  t h e y  p o s s e s s  a  
p e r f e c t  s t e p  change r e f l e c t a n c e  w i t h  a  low v a l u e  ( - 0 )  below and a  h i g h  v a l u e  
( - 1 . 0 )  above t h e  c u t o f f  wavelength .  

F o r  c a v i t y  c e n t r a l  r e c e i v e r s  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  550°C ( F i g u r e  2-4),  
t h e  r e c e i v e r  performance improvements p r o j e c t e d  f o r  s e l e c t i v e  and h i g h  absorp-  
t a n c e  n o n s e l e c t i v e  c o a t i n g s  compared t o  a  degraded n o n s e l e c t i v e  s u r f a c e  ( a, = 
0.8) a r e  s m a l l  (AT = 0.03-0.08; /q = 4-10%). F o r  e x t e r n a l l y  i r r a d i a t e d  
c e n t r a l  r e c e i v e r s  a t  550°C, t h e r e  i s  a n  i n c e n t i v e  f o r  improved a b s o r p t a n c e  
( h r l  = 0.12-0.15; A q / q  =15-20%) b u t  e s s e n t i a l l y  no a d d i t i o n a l  advan tage  f o r  
s e l e c t i v i t y  a t  c o n c e n t r a t i o n  r a t i o s  g r e a t e r  t h a n  700 CFigure 2-5). 

F o r  lower  c o n c e n t r a t i o n  r a t i o s  (200-400X) t y p i c a l  of t h e  f i r s t  10 MWe c e n t r a l  
r e c e i v e r  p i l o t  p l a n t ,  a p p r e c i a b l e  b e n e f i t s  can  be a c h i e v e d  by u s i n g  a  good 
s e l e c t i v e  c o a t i n g  ( A q  = 0.10-0.15, A q / q  = 15-20%). I n  t h i s  c a s e ,  R&D and 
d e s i g n  changes  t o  improve t h e  c o n c e n t r a t i o n  r a t i o  o r  c o s t  e f f e c t i v e n e s s  of 
c a v i t i e s  compete d i r e c t l y  w i t h  t h e  development of a n  improved a b s o r b e r  su r -  
f  ace .  

F o r  d i s t r i b u t e d  c o l l e c t o r s  t h e r e  a p p e a r s  t o  be on ly  m a r g i n a l  b e n e f i t  i n  u s i n g  
e i t h e r  a good n o n s e l e c t i v e  o r  a  s e l e c t i v e  c o a t i n g  i n  c a v i t y  r e c e i v e r  d e s i g n s  
f o r  p a r a b o l i c  d i s h  c o l l e c . t o r s  ( F i g u r e  2-6). T h i s  a p p e a r s  t o  be t r u e  even a t  

I 

t e m p e r a t u r e s  as h i g h  a s  1100°C ( Arl= 0.05,  ATJ/ TI = 5%) .  The p a r a b o l i c  t r o u g h  
sys tems  t h a t  o p e r a t e  a t  much lower  c o n c e n t r a t i o n  r a t i o s  c a n  be improved 
s i g n i f i c a n t l y  w i t h  t h e  u s e  of s e l e c t i v e  c o a t i n g s  ( F i g u r e  2-7),  a s  t h e  p r e v i -  
o u s l y  d i s c u s s e d  measurements [ 2 4 ]  have v e y i f i e d .  L t  w i l l  a l s o  be e s s e n t i a l  
f o r  h i g h e r  t e m p e r a t u r e  t r o u g h s  t o  have e i t h e r  a  c a v i t y  o r  a good s e l e c t i v e  
a b s o r b e r  s u r f a c e .  
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E = 1.0 ( ~ M ) o / ~  Intercept), p = 0 . 8 5 , ' ~  = 0.83. T = goo0 C (1652O F) 

6 = 790 W/m2 

Figure 2-4  Central Receiver Thermal Performance at 900°C (Adapted from [261) 
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E = 1.0 (100% Intercept), p = 0.85, T = 0.83, T = 536O C (1000° F), 
$4 = 790 W/rn2 

Gaomctric Conacntration Ratio [Ac / A r ]  
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Figure 2 -5  Central Receiver Thermal Performanco at 536OC (Adapted from 1261) 
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Figure 2-6 Parabolic Dish1 Cavity Receiver Thermal Performance 
(Adapted from [261) 



E = 1.0 (100% Intercept), p = 0.85, 7 = 0.69, T = 316O C (600° F) 

@ = 790 w/m2 

Geometric Concentration Ratio, (Ac 1 A,) 

Figuro 2 7 Parabolic Ti'ouyh (E-W) Thermnl Parfnrlnnnoo 
(Adapted from I261 1 



S e v e r a l  g e n e r a l  c o n c l u s i o n s  emerge from t h e  o p t i c a l  performance s t u d i e s .  

The e E f e c t  of a n  a b s o r b e r  s u r f a c e  on sys tem performance i s  a  func- 
t i o n  of sys tem o p e r a t i n g  c o n d i t i o n s .  To compare t h e  b e n e f i t s  'of 
a b s o r b e r  s u r f a c e s ,  t h e  d i s t r i b u t i o n  of a c t u a l  o p e r a t i n g  c o n d i t i o n s  
must be used t o  a s s e s s  t h e  d i f f e r e n c e s  i n  sys tem performance a t  
p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n s .  

The t o t a l  b e n e f i t  of one a b s o r b e r  s u r f a c e  w i t h  r e s p e c t  t o  a n o t h e r  i s  
ex t remely  s e n s i t i v e  t o  t h e  d e s i g n  o p e r a t i n g  p o i n t ,  which o f t e n  
depends on f a c t o r s  o t h e r  t h a n  t h e  s u r f a c e .  

Although a n  o p t i c a l l y  s e l e c t i v e  r e c e i v e r  s u r f a c e  may have only  
l i m i t e d  b e n e f i t  f o r  a  c o l l e c t o r  sys tem when i t  i s  o p e r a t i n g  under  
d e s i g n  c o n d i t i o n s ,  a n  i m p o r t a n t  e f f e c t  of such  a  r e c e i v e r  s u r f a c e  is  
t o  improve sys tem performance d u r i n g  o f f - d e s i g n  c o n d i t i o n s  such  a s  
s t a r t u p  and low i n s o l a t i o n  p e r i o d s .  

The m e r i t  of t h e  s e l e c t i v e  c o a t i n g  a p p e a r s  t o  be i n v e r s e l y  propor- 
t i o n a l  t o  t h e  o p t i c a l  q u a l i t y  of t h e  r e f l e c t o r  i n  a  c o n c e n t r a t o r  and 
may reduce  t h e  impact of poor o r  degraded r e f l e c t o r  performance.  

A s e l e c t i v e  s u r f a c e  p r o v i d e s  a  b u f f e r  f o r  a  mismatched c o l l e c -  
t o r l h e a t  e n g i n e  sys tem and t e n d s  t o  moderate t h e  o p e r a t i n g  tempera- 
t u r e  s e n s i t i v i t y  of sys tem performance.  

T a b l e  2-5 summarizes t h e  c u r r e n t  u n d e r s t a n d i n g  of  o p t i c a l  performance b e n e f i t s  
based on measurement and a n a l y s i s  we igh ted  o v e r  t h e  expec ted  o p e r a t i n g  condi-  
t i o n s .  T h i s  t a b l e  i s  a n  impor tan t  i n p u t  t o  t h e  program b e n e f i t  a n a l y s i s ,  
which s e t s  p r i o r i t i e s  f o r  t h e  development program. Development a c t i v i t i e s  
a d d r e s s i n g  s m a l l  improvements i n  r e c e i v e r  performance (Aq /q =5%),  a l t h o u g h  
e v e n t u a l l y  of modest i n t e r e s t ,  w i l l  be funded o n l y  a t  a  v e r y  low l e v e l  u n t i l  
program g o a l s  w i t h  g r e a t e r  and more immediate payback a r e  met. 

' The importance  i n  a  b e n e f i t  e v a l u a t i o n  of t h e  c o s t  of a n  a b s o r b e r  s u r f a c e  can  
2 be de te rmined  by comparing t h e  c o s t  of t h e  r e c e i v e r  s u r f a c e  ($/m ) d i v i d e d  by 

t h e  g e o m e t r i c  c o n c e n t r a t i o n  r a t i o  A c / A r  t o  t h e  o v e r a l l  i n s t a l l e d  c o s t  of t h e  
system. T a b l e  2-6 shows t h a t  on ly  f o r  low c o n c e n t r a t i o n  r a t i o  sys tems o r  very  
e x p e n s i v e  a b s o r b e r  s u r f a c e s  i s  t h e  c o s t  of t h e  a b s o r b e r  s u r f a c e  a n  i m p o r t a n t  
c o n s i d e r a t i o n .  

2.3.3 D u r a b i l i t y  A n a l y s i s  

Few d a t a  e x i s t  t o  q u a n t i f y  t h e  d u r a b i l i t y  ( l i f e t i m e )  o f  a b s o r b e r  s u r f a c e s .  
To remedy t h i s  d e f i c i e n c y ,  a  r i g o r o u s  program of e x p e r i m e n t a t i o n  and d a t a  
a n a l y s i s  w i l l  be s t a r t e d  a s  p a r t  of t h e  Absorber  S u r f a c e s  Program. F o r  low 
t e m p e r a t u r e  sys tems t h e  d u r a b i l i t y  of p r o p e r l y  a p p l i e d  b l a c k  chrome a p p e a r s  t o  
be  v e r y  good; however, a s  lower-cost  m a t e r i a l s  a r e  developed,  a  d i r e c t  



Receiver Performance Comparison for Selective 
vs. Nonselective Absorber Surfaces* 

System Recaiver Relative "* 
Operating Performance Performance 

Collector Design Temperature Improvement Improvement 
( OC) ( Aq) ( Aq/v, % I  

Flat Plate < 100 0.1 -0.15 up to 100 

Evacuated Tube < 200 0.1 -0.15 up to 100 

E - W Oriented Parabolic Trough 
w i th  External Receiver = 300 0.2 50- 150 

b 

E-W Oriented Parabolic Trough 
w i th  Cavity Receiver = 300 0.1 20 - 25 

E-W Oriented Parabolic Trough 
wi th  External Receiver =500 > 0.2 

10 MWe External Central 
Receiver (200-400x1 550 0.1 -0.16 15-20 

External Central Receivers 
( > 700x1 550 

Cavity Parabolic Dish 
( > 1000x) 

Cavity Parabolic Dish 
( > 1000~) > 1000 0.05 

'From as = st = 0.95, to  a, = 0.9 and Et(260O0C) = 0.1. Et(9000C) = 0.2 

**Referenced to  q for a nonselective absorber surface 

Table 2 -5  



Impact of Absorber Surface Cost on System Cost 

Application 
Installed System Absorber Cost2 Absorber Cost 

Ac/Ar Cost' ($1 mZ) [291 ($ I m2) Impact3 ( O/o 1 

\ 

Flat Plate 1 150-450 

Evacuated Tube 1.5-3 200-500 

Parabolic Trough 2-70 200 - 475 

Parabolic Dish > 1000 500-1500 

Central Receiver 400-4000 100-600'~' 

' The larger number reflects current state of technology based on collector area 
Based on reflector area 

' Albsorber cost impact = (absorber cost /installed system cost) x A r / A c  
Estimate of early commercialization based on Barstow facility 

Table 2-6 
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t r a d e o f f  w i th  l i f e t i m e  may be observed. A t  temperatures  g r e a t e r  than  300°C, 
t h e  d u r a b i l i t y  of a l l  r e c e i v e r  s u r f a c e s  must be eva lua t ed  c a r e f u l l y .  

2.4 PROGRAM COST/BENEF.IT 

An impor tan t  g u i d e l i n e  f o r  program management i s  t h e  j u ' s t i f i a b l e  near-term 
e x p e n d i t u r e  f o r  a f e d e r a l l y  funded R&D e f f o r t  based on t h e  f u t u r e  va lue  of t h e  
b e n e f i t s  de r ived  from t h a t  program. 

The v a l u e  of a program cannot be computed a n a l y t i c a l l y  o r  a c c u r a t e l y .  How- 
e v e r ,  w i t h  c o n s e r v a t i v e  assumptions meaningful l i m i t s  can be p laced  on expen- 
d i t u r e s  f o r  development. 

The p r e s e n t  va lue  (PV) of absorber  s u r f a c e  R&D can  be expressed a s  summations 
ove r  a l l  systems j and f u t u r e  y e a r s  n o t  t h e  bebebjr of perfurmallce, cusL, auJ 
d u r a b i l i t y  improvements: 

where V j n  = v a l u e  of u n i t  energy d e l i v e r e d  
Ejn = q u a n t i t y  of energy d e l i v e r e d  

d = d i scoun t  r a t e  
p j  = percentage  of c a p i t a l  c o s t  a s s o c i a t e d  w i t h  t h e  

abso rbe r  s u r f a c e  
. k j  = percentage o 1  e~ le rgy  c u s ~  a s s o c i a t e d  with c a p i t a l  

c o s t  
f,, = improvement i n  measured absorber  s u r f a c e  l i f e  t ime from 

r.ilrrenc Lu exyeclecl 
T a 5  = expec ted  abs~rbes  s g r f a c e  l i f e t i m e  

Ap j  = r e d u c t i o n  i n  percentage  of c a p i t a l  c o s t  from R&D 
e f fo r l :  

a .  = o v e r a l l  system thermal  e f f i c i e n c y  
7' = r e c e i v e r  e f f i c i e n c y  
j 

Allj = improvement i n  r e c e i v e r  e f f i c i e n c y  

The f i r s t  term d e s c r i b e s  t h e  b e n e f i t  a s c r i b e d  t o  performance improvements, 
assuming t h a t  no c a p i t a l  o r  ope ra t i on  and maintenance (OQM) c o s t s  a r e  a s soc i -  
a t e d  w i t h  t h e  improvement. This  term i s  t h e  product  of t h e  abso. lute  improve- 
ment. i.n o v e r a l l  system e f f i c i e n c y  r e s u l t i n g  from an improvement i n  r e c e i v e r  
performance and t h e  t o t a l  va lue  of t h e  energy produced i n  yea r  n d i scounted  t o  
i t s  p re sen t  value.  

The second term i s  t h e  change i n  t h e  t o t a l  c o s t  of energy supp l i ed  i n  year  n 
by system j a s  a r e s u l t  of t h e  r educ t ion  ( through R&D) of t h e  abso rbe r  s u r f a c e  
c o s t ,  assuming no change i n  performance. The f a c t o r  k j  accounts  f o r  O&M 
c o s t s .  



TR- 103 Si?I,@, \ - I  

The f i n a l  term a t t e m p t s  t o  d e s c r i b e  c o n s e r v a t i v e l y  t h e  v a l u e  of d u r a b i l i t y  by 
assuming t h a t  a  f r a c t i o n  of t h e  a b s o r b e r  s u r f a c e  c o s t  ( l l l i f e t i m e )  w i l l  have 
t o  be p a i d  each  year .  The v a l u e  of d u r a b i l i t y  improvements i s  t h e n  s e t  e q u a l  
t o  t h e  b e n e f i t  of improving t h e  l i f e t i m e  of a  p a r t i c u l a r  a b s o r b e r  t o  a n  
a c c e p t a b l e  v a l u e  (-30 y e a r s ) .  T h i s  e s t i m a t e  i g n o r e s  t h e  c o s t  of d i s a s s e m b l i n g  
and reassembl ing  t h e  sys tem and of s h i p p i n g  t h e  r e c e i v e r  s u r f a c e  t o  a  d i s t a n t  
l o c a t i o n  f o r  r e p r o c e s s i n g ,  which may be many t imes  t h e  o r i g i n a l  a b s o r b e r  
s u r f  a c e  c o s t .  

A s e m i q u a n t i t a t i v e  a n a l y s i s  of program b e n e f i t  f o l l o w s ,  based on t h e  u t i l i z a -  
t i o n  of s i x  systems: 

h o t  w a t e r  and low-temperature h e a t  
* f l a t  p l a t e  ( j  = 1)  

a g r i c u l t u r e  and i n d u s t r i a l  p r o c e s s  h e a t  ' 

* evacua ted  t u b e  (j = 2) 
* p a r a b o l i c  t rough  ( 3 )  
* p a r a b o l i c  d i s h  ( 4 )  

s o l a r  the rmal  e l e c t r i c  
* s m a l l  c e n t r a l  r e c e i v e r  ( j  = 5) 

l a r g e  c e n t r a l  r e c e i v e r  ( 6 )  

E .  i s  t a k e n  from F i g u r e  2-8, which i s  based on a  t a b l e  of market p e n e t r a t i o n  
s $ t d y  r e s u l t s  [ 2 8 ] ,  and weighted toward t h e  MITRE SPURR numbers. ~ s s u m i n g  
e a c h  of t h e  s o l a r  e l e c t r i c  o p t i o n s  r e c e i v e s  one h a l f  of t h e  s o l a r  the rmal  
p e n e t r a t i o n  and each  p r o c e s s  h e a t  o p t i o n  a c c o u n t s  f o r  one t h i r d  of t h a t  
p e n e t r a t i o n ,  t h e  a n a l y s i s  can  be completed u s i n g  paramete rs  p r e v i o u s l y  eva lu -  
a t e d  ( T a b l e  2-5) and  assuming t h a t  k  = 0.9 ,  V = $2/MBtu, and d  = 0.10. 

j Because q u a n t i t a t i v e  l i f e t i m e  d a t a  a r e  n o t  a v a i l a a e ,  t h e  t h i r d  t e rm w i l i  n o t  
be e v a l u a t e d .  

The p r e s e n t  v a l u e  (1978) o f  t h e  r e s e a r c h  e f f o r t  i s  c a l c u l a t e d  f o r  energy 
d e l i v e r e d  from 1985 t o  2020. T h i s  e x e r c i s e  i n d i c a t e s  t h a t  even s m a l l  improve- 
ments i n  s t a t e - o f - t h e - a r t  a b s o r b e r  s u r f a c e  performance and c o s t  c a n  have a  
v e r y  l a r g e  p o t e n t i a l  b e n e f i t .  The most c r i t i c a l  pa ramete r  i n  e q u a t i o n  (4 )  i s  
Llie d i s c o u n t  r a t e ,  which i s  p h i l o s o p h i c a l  r a t h e r  t h a n  t e c h n i c a l .  Although a 
10% d i s c o u n t  r a t e  i s  a  s t a n d a r d  economic assumption and l e a d s  t o  a  program 
v a l u e  of $760 m i l l i o n  ( T a b l e  2-7),  v a r y i n g  t h e  v a l u e  f o r  t h i s  pa ramete r  from 
15% t o  5% l e a d s  t o  a  range f o r  t h e  p r e s e n t  v a l u e  of a b s o r b e r  s u r f a c e  R&D from 
$400 m i l l i o n  t o  $ 3  b i l l i o n .  Assuming t h a t  a s  l i t t l e  a s  1% o f  t h e  f u t u r e  
b e n e f i t  i s  a n  a l l o w a b l e  near-term R&D expense ,  a n  $ 8  m i l l i o n  F e d e r a l  c o n t r i b u -  
t i o n  t o  t h e  program i s  e a s i l y  j u s t i f i e d  a n d ' t h e  i n d u s t r y ' s  c o n t r i b u t i o n  w i l l  
r a i s e  t h e  t o t a l  program e x p e n d i t u r e  t o  a  h i g h e r  value .  

T h i s  performance and c o s t  a n a l y s i s  i n d i c a t e s  t h a t  low tempera tu re  a b s o r b e r  
s u r f a c e s  have h i g h e s t  p r i o r i t y ,  fo l lowed  by a b s o r b e r  s u r f a c e s  f o r  p a r a b o l i c  
t r o u g h s  and h i g h e r  t empera tu re  s e l e c t i v e  a b s o r b e r s  f o r  low c o n c e n t r a t i o n  r a t i o  
sys tems.  Very high- temperature  a b s o r b e r  s u r f a c e s  have lowes t  p r i o r i t y ,  
Absorber s u r f a c e s  f o r  a l l  a p p l i c a t i o n s  r e q u i r e  improved d u r a b i l i t y ,  and 
t e s t i n g .  



Year 
Figure 2-8 Market Penetration for Solar Heating, AlPH and Solar Thermal Electric 1281 



Summary of Benefits of Absorber Surface REt D* 

j System njm A Apj Ejn PV~"'($M) 

1 Flat Plate (< lW°C) .35 .04"' 03(11 n I10 390 

2 Evacuated Tube 
(100-20O0C) -45 .04'11 .03'" in - 511 15In > 51 160 

3 Parabolic Trough 
(200-50O0C) .2 . 212' o (n - 5)115(n > 5) 150 

4 Parabolic Dish 
(> 5 0 0 0 ~ )  .4 .OI 12' o (n-51115(n>5) 10 

5 Small Central Receiver 
(50O0C) .6 .0512' o (n- l0)125(n>lO) , 40 

6 Large Central Receiver 
(50O0C) .6 -01 '2' o (n - 10) /25(n > 10) 10 

Total 760 

* Terms defined in equation (4) 
(1) Compared to black chrome; Aas 2.01; A & t  z.01; % reduction in  current cost of 

$15 I m2 at 5% of system cost. 
(2) Compared to Pyromark. . 
(3) Present Value ($1978) of improvements in  receiver performance for specific 

systems calculated from equation (3). 

Table 2-7 
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2.5 PROGRAM GUIDELINES 

The p r e v i o u s  s e c t i o n  h a s  s e t  t h e  p r i o r i t i e s  f o r  t h e  Absorber  S u r f a c e s  Program 
a n d  h a s  p rov ided  a c o n s e r v a t i v e  e s t i m a t e  of $8M f o r  t h e  budget of a  m u l t i y e a r  
e f f o r t  beg inn ing  i n  FY79. The Absorber  S u r f a c e s  Program w i l l  c o n t i n u e  t o  
e v a l u a t e  a p p l i c a t i o n s  f o r  s i g n i f i c a n t  p o t e n t i a l  b e n e f i t s  from a b s o r b e r  s u r f a c e  
R&D and  w i l l  ass is t  t h e  commercial s e c t o r  i n  deve lop ing  and t e s t i n g  appropr i -  
a t e  a b s o r b e r  s u r f a c e s .  Backup s u r f a c e s  w i l l  be i d e n t i f i e d  and developed where 
none e x i s t ,  and s u i t a b l e  c o a t i n g s  w i l l  be made a v a i l a b l e  f o r  demons t ra t ion  
p r o j e c t s .  The g e n e r a l  s t r a t e g y  r e q u i r e s  t h e  g r e a t e s t  F e d e r a l  involvemenl: l i t1 

t h e  h i g h - r i s k  R&D a n d  d e f i n i t i o n  phases  and i n c r e a s i n g  i n d u s t r y  involvement 
t h r o u g h o u t  t h e  c o m m e r c i a l i z a t i o n  phases.  The r e l a t i v e l y  l a r g e  number of R&D 
c o n t r a c t s  i n  t h e  i n i t i a l  phases  i s  reduced a s  t h e  development e f f o r t  matures ,  
s o  t h a t  government s u p p o r t  of ( a t  most)  two c o n c e p t s  f o r  a  g i v e n  a p p l i c a t i o n  
w i l l  p e r s i s t  t o  t h e  c o m m e r c i a l i z a t i o n  phase. 

To meet t h e  d u a l  g o a l s  of s h o r t - t e r m  c o m m e r c i a l i z a t i o n  of d e s i r a b l e  R&D 
components and  long-range improvements i n  s o l a r  t e c h n o l o g i e s ,  t h e  Absorber  
S u r f a c e  Program w i l l  adopl: Llie g e n e r a l  s t r a t e g y  of f u n d i n g  i n d u s t r y  f o r  
a p p l i e d  R&D and  u n i v e r s i t i e s  f o r  t h e  b a s i c  R&D a p p r o p r i a t e  t o  s u p p o r t  t h e  
development a c t i v i t i e s .  

The r o l e  of t h e  n a t i o n a l  l a b o r a t o r i e s  w i l l  be t o  t a k e  t h e  l e a d  i n  program 
definition/justification, i n c l u d i n g  t h e  i n d u s t r i a l  and u n i v e r s i t y  components. 
The n a t i o n a l  l a b o r a t o r i e s ,  though n o t  p rec luded  from p a r t i c i p a t i n g  i n  R&D w i l l  
c a r r y  o u t  s u p p o r t  a c t i v i t i e s  i n t e g r a t e d  w i t h  i n d u s t r i a l  and u n i v e r s i t y  R&D. 
The c u r r e n t  DOE and  n a t i o n a l  l a b o r a t o r y  r e s p o n s i b i l i t i e s  f o r  a b s o r b e r  s u r f a c e  
R&D a r e  l i s t e d  i n  T a b l e  2-8, w i t h i n  t h e  framework of t h e  program p l a n  proposed 
i n  S e c t i o n  3 .  
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Present DOE and National Laboratory Absorber 
Surface Responsibilities 

Development DOE Lab DOE R&D DOE 
Objective Responsibility Responsibility User 

Low Temp: LASL 
Evacuated Tube, LBL 
Flat Plate, and 
Passive 

Solar Heating 8 Demonstrations 
Cooling R &D 
ISHACRDI 

Black Chrome LASL AlPH AlPH 
Sandia -A lb  Small Power Small Power 

Systems Systems 

Intermediate SERl Advanced Solar Large Power Systems 
Temperature Sandia - Alb Thermal Technology 
Selective Absorbers Sandia - Liv [ A S T I  Distributed Systems 

High Temperature SERl 
Absorber Surfaces 

Basic 8 Generic SERl 
Research 

ASTT 

BES 

Large Power Systems 
Distributed Systems 

Table 2-8 
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SECTION 3.0 

NATIONAL PROGRAM PLAN 

3.1 OVERALL STRATEGY AND FUNDING 

The Absorber  S u r f a c e  Program c o n s i s t s  of program management ( S e c t i o n  3.2) f o u r  
development a c t i v i t i e s  ( S e c t i o n  3 . 3 ) ,  and f o u r  s u p p o r t i n g  f u n c t i o n s  ( S e c t i o n s  
3.4-3.7). 

The f o u r  developmental  a c t i v i t i e s  a d d r e s s :  improved d u r a b i l i t y  and c o s t -  
e f f e c t i v e n e s s  of low-temperature s e l e c t i v e  a b s o r b e r  s u r f a c e s  f o r  p a s s i v e ,  
f l a t - p l a t e ,  and evacua ted  t u b e  c o l l e c t o r s  t o  200°C ( S e c t i o n  3.3.1); commercial 
b l a c k  chrome and a n  i d e n t i f i e d  a l t e r n a t e  s e l e c t i v e  s u r f a c e  f o r  a p p l i c a t i o n s  t o  
400°C (Sec t ion .  3.3.2); i n t e r m e d i a t e - t e m p e r a t u r e  (400-700°C) s e l e c t i v e  absorb-  
e r s  ( S e c t i o n  3.3.3); and a b s o r b e r  s u r f a c e s  f o r  h i g h  t empera tu res  (>700°C) 
( S e c t i o n  3.3.4). The s e l e c t i o n  of t empera tu re  regimes f o r  t h e  g o a l s  i s  of 
n e c e s s i t y  somewhat a r b i t r a r y .  The c h o i c e s  were determined by add ing  a n  
approximate  100°C b u f f e r  t o  o p e r a t i n g  t empera tu res  f o r  g e n e r i c  a p p l i c a t i o n s .  
Low-temperature s u r f a c e s  a r e  assumed t o  o p e r a t e  t o  100°C based on c o o l i n g  and 
p r o c e s s  h e a t  r equ i rements ,  and t h e  s t a g n a t i o n  t empera tu re  f o r  most low concen- 
t r a t i o n  r a t i o  systems i s  approximately  200°C. The 300°C o p e r a t i n g  t empera tu re  
f o r  b lack  chrome i s  based on p r e s e n t  s i n g l e  a x i s  t r a c k i n g  system needs ,  and 
t h e  t r a n s i t i o n  from i n t e r m e d i a t e -  t o  h igh- tempera tu re  regimes i s  based on t h e  
p r e s e n t  m a t e r i a l s  l i m i t a t i o n  f o r  t h e  s team h e a t  eng ine  c y c l e  (560°C). 

The f o u r  s u p p o r t i n g  f u n c t i o n s  a r e :  o p t i c a l  measurememtns, d u r a b i l i t y  t e s t i n g ,  
and component e v a l u a t i o n  ( S e c t i o n  3 .4) ;  sys tems a n a l y s i s  ( S e c t i o n  3 . 5 ) ;  d a t a  
b a s e  ( S e c t i o n  3 .6) ;  and b a s i c  and g e n e r i c  r e s e a r c h  ( S e c t i o n  3 .7) .  

E s t i m a t e s  of t h e  fund ing  , l e v e l s  i n  c o n s t a n t  FY78 d o l l a r s  f o r  t h e s e  n i n e  major 
a c t i v i t i e s  a r e  shown i n  F i g u r e  3-1. A l l  d o l l a r  amounts a r e  c o n t i n g e n t  on t h e  
a v a i l a b i l i t y  of funds.  The b e n e f i t  a n a l y s i s  i n d i c a t e s  t h a t  a n  approximate  
appor t ionment  of development funds  f o r  low-, in tq rmedia te - ,  and high-tempera- 
t u r e  sys tems might l o g i c a l l y  be i n  t h e  r a t i o  9 :3 :1 ;  however, t h e  p l a n  assumes 
a r a t i o  of 3:3:1 because  of t h e  l o n g e r  h i s t o r y  of low-temperature a b s o r b e r s  
and a n  e s t a b l i s h e d  commercial i n d u s t r y  f o r  them. Each major s u p p o r t  and 
development a c t i v i t y  i s  d e s c r i b e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s .  

3.2 PROGRAM MANAGEMENT 

The o v e r a l l  c o o r d i n a t i o n  of t h e  Absorber  S u r f a c e  Program w i l l  be t h e  r e s p o n s i -  
b i l i t y  of t h e  M a t e r i a l s  Branch of t h e  Research  D i v i s i o n  a t  SERI. The S p e c i a l  
Programs Off i c e  a t  SERI assumed t e c h n i c a l  management r e s p o n s i b i l i t y  on A p r i l  
1 ,  1978 f o r  t h e  in te rmedia te - t empera tu re  s e l e c t i v e  s u r f a c e  and high-tempera- ' 

t u r e  a b s o r b e r  s u r f a c e  development a c t i v i t i e s  funded by ET. These a c t i v i t i e s  . . 

were p r e v i o u s l y  moni tored by JPLINASA-Lewis and managed by t h e  Advanced S o l a r  
Thermal Technology Branch. Los Alamos S c i e n t i f i c  Labora to ry  c u r r e n t l y  has  . 

t e c h n i c a l  management r e s p o n s i b i l i t y  f o r  a b s o r b e r  s u r f a c e s  R&D funded by SHAC 
i n  DOEICS ( p a s s i v e ,  h e a t i n g  and c o o l i n g ,  and p r o c e s s  h e a t  a p p l i c a t i o n s ) .  , . .  . '. . 
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Intermediate Temperature Selective Absorber 
Surfaces (400-70O0C1 
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Sandia-Albuquerque L a b o r a t o r y  has  t e c h n i c a l  management r e s p o n s i b i l i t y  f o r  t h e  
b l a c k  chrome development e f f o r t  funded by t h e  Smal l  Power Systems Branch i n  
DOEIDST. The t e c h n i c a l  management r e s p o n s i b i l i t i e s  w i l l  be main ta ined  ar!..? a n  
Absorber  S u r f a c e  C o o r d i n a t i n g  C o u n c i l  w i l l  be c r e a t e d .  The c o o r d i n a t i n g  
c o u n c i l  w i l l  be formed from r e p r e s e n t a t i v e s  of SERI, Sandia-Albuquerque, LASL, 
JPL, and Sandia-Livermore w i t h  r e s p o n s i b i l i t y  t o :  ( a )  m a i n t a i n  a  ba lance  of 
f u n d s  between development and s u p p o r t  a c t i v i t i e s  and among u n i v e r s i t i e s ,  
i n d u s t r y ,  and n a t i o n a l  l a b o r a t o r i e s ;  ( b )  promote commuriication th rough  i n t e r -  
a c t i o n  w i t h  r e l a t e d  programs and i n t e r e s t e d  p a r t i e s ;  ( c )  e s t a b l i s h  t o p i c a l  
mee t ings  t o  a d d r e s s  s p e c i f i c  program and i n d u s t r y  needs;  and  ( d )  e n s u r e  
program c o n t i n u i t y .  

The t e c h n i c a l  management of each  developmental  a c t i v i t y  w i l l  have con t inued  
r e s p o n s i b i l i t y  to :  ( a )  moni to r  c o n t r a c t o r  t e c h n i c a l  and a d m i n i s t r a t i v e  
a c t i v i t i e s  a s  d e f i n e d  i n  p r e c i s e  s t a t e m e n t s  of work; ( b )  f o r m u l a t e ,  deve lop ,  
and i s s u e  s o l i c i t a t i o n s  t o  i n i t i a t e  s u b c o n t r a c t e d  e f f o r t s  r e q u i r e d  t o  a c h i e v e  
program p l a n  g o a l s ;  ( c )  e v a l u a t e  s o l i c i t e d  and u n s o l i c i t e d  p r o p o s a l s ,  convene 
rev iew p a n e l s ,  s e l e c t  c o n t r a c t o r s ,  n e g o t i a t e  agreements ,  and award c o n t r a c t s ;  
and (d )  rev iew f i n a l  r e p o r t s  from completed c o n t r a c t s .  

W i t h i n  t h e  program, communication w i l l  be main ta ined  by: 

b r i e f  (3-5 page) q u a r t e r l y  r e p o r t s ,  due t o  t h e  t e c h n i c a l  manager 
f i v e  working days  b e f o r e  t h e  end of A p r i l ,  J u n e  and October.  
H i g h l i g h t s  of t h e s e  q u a r t e r l y  r e p o r t s  and s u p p o r t  a c t i v i t y  high- 
l i g h t s ,  budget i n f o r m a t i o n ,  and program d e c i s i o n s  w i l l  be p u b l i s h e d  
by SERI a s  q u a r t e r l y  program s t a t u s  r e p o r t s .  

a  confe rence  t o  be h e l d  a n n u a l l y  i n  mid-January t o  be devoted t o  
a b s o r b e r  s u r f a c e s  and a c c e s s i b l e  t o  t h e  e n t i r e  s c i e n t i f i c  community. 
Each DOE c o n t r a c t o r  w i l l  p r e s e n t  a  review of r e s e a r c h  p r o g r e s s  f o r  
t h e  p r e v i o u s  year .  

one-page monthly l e t t e r  r e p o r t s  due a t  t h e  end of each  month n o t  
a l r e a d y  covered by t h e  q u a r t e r l y  r e p o r t s  o r  t h e  c o n f e r e n c e  p r e s e n t a -  
t i o n .  These r e p o r t s  w i l l  a i d  t h e  c o n t r a c t o r  and t h e  t e c h n i c a l  
manager i n  p r o j e c t  p l a n n i n g  and w i l l  n o t  be d i s t r i b u t e d .  

a  f i n a l  r e p o r t  which w i l l  be p repared  by each c o n t r a c t o r  a t  t h e  
c o n c l u s i o n  of t h e  c o n t r a c t .  The r e p o r t  w i l l  be reviewed and a  
summary w i l l  be d i s t r i b u t e d  t o  t h e  o t h e r  program p a r t i c i p a n t s .  

a n  annua l  review of t h e  program p l a n  w i t h  t h e  a p p r o p r i a t e  DOE 
p e r s o n n e l  i n  mid-June of each  y e a r  t o  a g r e e  on t h e  f o l l o w i n g  f i s c a l  
y e a r  o p e r a t i n g  p l a n  and t o  make budgetary  i n p u t s  t o  t h e  two-year 
budget cyc le .  

- 
3.3 DEVELOPMENT AND DEMONSTRATION 

The systems b e n e f i t  a n a l y s i s  h a s  s e t  p r i o r i t i e s  f o r  development and demonstra- 
t i o n  a c t i v i t i e s  i n  d e c r e a s i n g  o r d e r  a s  fo l lows :  
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low-cost  s e l e c t i v e  a b s o r b e r s  ( t o  200°C),  

b l a c k  chrome and  a n  a l t e r n a t i v e  ( a p p l i c a t i o n s  t o  400°C), 

i n t e r m e d i a t e - t e m p e r a t u r e  s e l e c t i v e  a b s o r b e r s  (400 t o  700°C),  and 

h igh- tempera tu re  a b s o r b e r  s u r f a c e s  (>700°C). 

The d e g r e e  and  t y p e  of government s u p p o r t  w i l l  be determined i n  each  c a s e  by 
t h e  p r o x i m i t y  of t h e  commercial market and t h e  importance of t h e  a b s o r b e r  
s u r f a c e  t o  a  t e c h n i c a l  sys tem f e a s i b i l i t y  demons t ra t ion  p r o j e c t .  For  low- 
t e m p e r a t u r e  a p p l i c a t i o n s  where a v i g o r o u s  market e x i s t s ,  t h e  Absorber  S u r f a c e  
Program w i l l  assist  i n ,  r a t h e r  t h a n  c r e a t e ,  new t e c h n o l o g i e s .  F o r  h igher-  
t e m p e r a t u r e  a p p l i c a t i o n s  where t h e  market i s  s m a l l  and a  g r e a t e r  r i s k  i s  
a s s o c i a t e d  w i t h  development ,  a  more e x t e n s i v e  government fund ing  e f f o r t  may be 
needed t o  c r e a t e  t h e  r e q u i r e d  technology.  

3.3.1 Low-Cost S e l e c t i v e  Absorbers  ( t o  200°C) 

A broad-based program i n  t h i s  technology a r e a  was c r e a t e d  through s e c t i o n s  of 
RFP 22 and PRDA-3 (SHAC R&D i n  DOE/CS) i n  FY77 w i t h  f u n d i n g  beg inn ing  i n  FY78 
as d e s c r i b e d  i n  F i g u r e  3-2 and based on  a  N a t i o n a l  Program P l a n  f o r  SHAC R&D 
[321 . Because t h e  market  f o r  low-temperature a b s o r b e r  s u r f a c e s  i s  v i g o r o u s  
and  expanding,  t r a n s i t i o n  of t h i s  a c t i v i t y  t o  a  development phase  i s  n o t  
a n t i c i p a t e d .  Cont inued R&D s u p p o r t  on a  range of a l t e r n a t i v e s ,  coupled w i t h  
i n c r e a s e d  s u p p o r t  i n  d e t e r m i n i n g  d u r a b i l i t y  and a c c e l e r a t e d  l i f e t i m e  t e s t s ,  i s  
needed. The p r o g r e s s  of t h e  approaches  funded th rough  RFP 2 2  and PRDA-3 w i l l  
be  a s s e s s e d  i n  l a t e  FY79; a  d e c i s i o n  w i l l  be made a t  t h a t  t ime  whether  t o  
c o n t i n u e  f u n d i n g  of ' i n d i v i d u a l  ongoing p r o j e c t s ,  t o  i s s u e  a n o t h e r  a b s o r b e r  
m a t e r i a l s  RFP, o r  a combinat ion of both.  By FY82, t h e  t r a n s i t i o n  t o  a  s m a l l  
" i n n o v a t i v e  concep t"  R&D phase  s h o u l d  be  complete.  

r educe  c o s t  of a b s o r b e r  s u r f a c e s  f o r  f l a t  p l a t e  c o l l e c t o r s  w i t h o u t  
r e d u c i n g  o p t i c a l  performance o r  d u r a b i l i t y ;  

improvc proccoo c o n t r o l ;  

assess avki3.a bj.:l.ity 06 ( a n d  deve lop ,  if n e c e s s a r y )  a b s o r b e r  mate r i -  
a l s  f o r  more c o s t - e f f e c t i v e ,  second g e n e r a t i o n  c o l l e c t o r  systems 
( e v a c u a t e d  t u b e ,  a l l  p l a s t i c  f l a t  p l a t e s ) ;  and 

a s s e s s  p o t e n t i a l  of s e l e c t i v e  a b s o r b e r s  f o r  p a s s i v e  a p p l i c a t i o n s .  

Long-range R&D t o p i c :  

i n c r e a s e  s o l a r  a b s o r p t a n c e  from 0.95 t o  0.98,  reduce Cliel-a~al erniL- 
t a n c e  from 0.1 t o  0.05 w i t h o u t  s a c r i f i c i n g  c o s t  o r  d u r a b i l i t y  
o b j e c t i v e s .  
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A. Commercial Selective Surfaces Applicable t o  Copper, 
Aluminum and Stainless Steel (Berry Solar Products) 

B. Solar S,elective Absorbers by Electro-Deposition of 
Paint (DeSoto, lnc.) 

C. Selective Paint and Black Chrome Coatings 
Development (Honeywell) 

D. Improved Solar Selective Coating Stability 
(Owens- Illinois) 

E. Black Germanium Selective Absorber Surfaces 
lPenn State University) 

F. Selective Surfaces by DC Reactive Sputtering 
lTELlC Corp.) 

G. Optical Coatings for Flat Plate Solar Collectors 
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H. Absorber Surfaces for Evacuated Tube and Plastic 
Flat Plate Collectors 

I. Other (Follow-On, RFP, or Unsolicited) 

TOTAL 

- Funded Activity ---- Activities planned or under negotiation (N) 
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3.8.2 Black  Chrome ( t o  400°C) 

Black  chrome f o r  s i n g l e  a x i s  t r a c k i n g  a p p l i c a t i o r l s  has reached t h e  commercial 
p h a s e ;  however, many d e g r a d a t i o n  and p r o c e s s i n g  q u e s t i o n s  remain. A s  i n d i c a t -  
e d  i n  F i g u r e  3-3, R&D t o  e s t a b l i s h  p r o c e s s i n g  paramete r  l i m i t a t i o n s  f o r  t h e  
Harshaw chromonyx e l e c t r o p l a t i n g  s o l u t i o n  i s  be ing  pursued a t  Sandia-Albuquer- 
q u e  L a b o r a t o r i e s  and a t  Honeywell. T h i s  work w i l l  e s t a b l i s h  t h e  commercial 
v i a b i l i t y  of b l a c k  chrome f o r  s i n g l e  a x i s  t r a c k i n g  c o l l e c t o r s  by mid- t o  l a t e -  
FY79. C o n s i d e r a b l e  p r i v a t e  development work i s  a l s o  c o n c e n t r a t i n g  on t h i s  
i s s u e .  A  small r e s e a r c h  c o n t r a c t  t o  i d e n t i f y  a l t e r n a t i v e s  t o  b l a c k  chrome 
w i l l  be  funded i n  mid-FY79. A d e c i s i o n  a s  t o  t h e  adequacy of b l a c k  chrome and 
t h e  need f o r  a n  a l t e r n a t i v e  w i l l  be made i n  l a t e  FY79. 

C o n s i d e r a b l e  s u p p o r t  f o r  b l a c k  chrome development w i l l  c o n t i n u e  i n  B a s i c  and 
G e n e r i c  R e s e a r c h  ( S e c t i o n  3 .7) ,  t o  u n d e r s t a n d  t h e  mechanisms of o p t i c a l  
a b s o r p t i o n  and d e g r a d a t i o n ,  and i n  t h e  Measurement and D u r a b i l i t y  a c t i v i t i e s  
( S e c t i o n  3 .4 ) ,  toward d e s i g n i n g  s u i t a b l e  d u r a b i l i t y  and a c c e l e r a t e d  lPfer1me 
t e s t s .  

H i g h - p r i o r i t y  R&D t o p i c s :  

e s t a b l i s h  r e p r o d u c i b l e  ptoc .ess ing t e c h n i q u e s  and i d e n t i f y  key 
p r o c e s s  p a r a m e t e r s  t o  a c h i e v e  a c c e p t a b l e  o p t i c a l  p r o p e r t i e s  and 
t h e r m a l  s t a b i l i t y ,  

a i n v e s t i g a t e  a l t e r n a t i v e  b l a c k  chrome e l e c t r o p l a t i n g ;  and 

i d e n t i f y  backup a b s o r b e r  s u r f a c e .  

Long Range R&D t o p i c :  

improve s o l a r  a b s o r p t a n c e  t o  0.98 w h i l e  reducing rhermal  rml LLauce 
beiow 6.2 ar  300°C 

3.3.3 In te rmedia te -Tempera tu re  S e l e c t i v e  Sur . faces  (400°C t o  700°C) 

A modest improvement f o r  low c o n c e n t r a t i o n  r a t i o  e x t e r n a l  c e n t r a l  r e c e i v e r  
performance and a  c r i t i c a l  need f o r  good s e l e c t i v e  a b s o r b e r  s u r f a c e s  t o  e x t e n d  
t h e  o p e r a t i n g  t e r m p e r a t u r e  of s i n g l e - a x i s  t r a c k i n g  c o n c e n t r a t o r s  p r o v i d e  the 
j u s t i f i c a t i o n  f o r  c o n t i n u e d  a c t i v i t y  i n  t h i s  a rea .  The Energy Technology 
Program h a s  funded chemica l  vapor  d e p o s i t i o n  of a b s o r b e r l r e f l e c t o r  s t a c k s ,  
f i r e d  o r g a n o m e t a l i i c  l a y e r s ,  and vacuum-depusltecl cer~ue L I - i l m s  . Vaeuum 
t e c h n i q u e s  a r e  b e i n g  e x p l o r e d  a t  a  modest l e v e l  i n  p r i v a t e  i n d u s t r y .  I n  mid 
FY79 t h e  program w i l l  d e t e r m i n e  t h e  minimum s o l a r  a b s o r p t a n c e  n e c e s s a r y  t o  
w a r r a n t  development. A d e c i s i o n  w i l l  be made i n  l a t e  FY79 as t o  which con- 
c e p t s ( ~ )  w i l l  r e c e i v e  c o n t i n u e d  s u p p o r t ,  based on demonstra ted t h e r m a l  and 
p h o t o t h e r m a l  s t a b i l i t y  and achievement o f  p r o g r e s s  toward t h e  o p t i c a l  perform- 
a n c e  goa l .  One concep t  w i l l  be chosen f o r  development s u p p o r t  and a  backup 
w i l l  be i d e n t i f i e d  ( F i g u r e  3 - 4 ) .  



Funding for Establishment of Commercial Viability of Black 
Chrome for Applications To 400°C and identification of an 
Alternate Absorber Surface (Sk) 

A. Commercial Development of Black Chrome (Honeywell) 

B. Black Chrome Plating and Characterization (Sandia-Alb.) 

C. Black Chrome Development (NASA-Lewis) 

CI 0. Identify Backup to Black Chrome 
I - ' .  (Black Cobalt Processing) 

E. Develop Black Chrome Alternative 

TOTAL 

(For Funding See iigure 3-21 

1 5 2 0 0 2 0 0  -4 I 
Decision: Need to 
develop alternative 
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H i g h - p r i o r i t y  R&D t o p i c s :  

vacuum, CVD, o r  e l e c t r o d e p o s i t i o n  p r o c e s s i n g  of f o i l s  and i n v e s t i g a -  
t i o n  of geomet r ic  l i m i t a t i o n s  of . a p p l y i n g  f o i l s ,  t h e r m a l  conductance 
l o s s e s  a c r o s s  bonding l a y e r ,  a v a i l a b i l i t y  of h igh- temperature  
bonding m a t e r i a l s ,  and development of bonding t e c h n i q u e s  f o r  o n - s i t e  
a p p l i c a t i o n .  Vacuum-processed f i l m s  ( c e r m e t s ,  AMA-like i n t e r f e r e n c e  
s t a c k s )  have demonstra ted promising o p t i c a l  p r o p e r t i e s  and t h e r m a l  
s t a b i l i t y  s o  t h a t  t h e  p r o c e s s i n g  e f f o r t  w i l l  be i n i t i a t e d  u s i n g  
vacuum t e c h n i q u e s  t o  produce a b s o r b e r  s u r f a c e s .  

a e x t e n d  o p e r a t i n g  t empera tu re  range  and o p t i c a l  p r o p e r t i e s  of absorb-  
e r  s u r f a c e s  t h a t  can  be a p p l i e d  o n - s i t e  ( p a i n t s ,  c h e m i c a l ' c o n v e r s i o n  
s u r f a c e s ,  o r g a n o m e t a l l i c s ) .  

Long-range R&D t o p i c s :  

de te rmine  d e g r a d a t i o n  mechanisms of developmental  a b s o r b e r  s u r f a c e s ,  
and  

i n c r e a s e  s o l a r  a b s o r p t a n c e  t o  g r e a t e r  t h a n  0.97 th rough  unders tand-  
i n g  of m a t e r i a l  l i m i t a t i o n s .  

3.3.4 High-Temperature Coa t ings  (700°C) 

The impact of a b s o r b e r  s u r f a c e s  on t h e  performance of h igh- temperature  rece iv -  
e r s  i s  l i k e l y  t o  be s m a l l  because t h e  sys tem c o n c e n t r a t i o n  r a t i o s  w i l l  be 
r e l a t i v e l y  l a r g e ' a n d  c a v i t y  r e c e i v e r s  may be used. I n  t h e  1 o n g . t e r m  improve- 
ment by a few p e r c e n t a g e  p o i n t s  i n  a  r e c e i v e r ' s  o p t i c a l  performance w i l l  be 
i m p o r t a n t ,  SO t h a t  a small e f f o r t  t o  c o n s i d e r  optimum c a v i t y  s u r f a c e s  and 
s t a b l e  h i g h  s o l a r  a b s o r p t a n c e  s u r f a c e s  ( u s i n g  t e c h n i q u e s  such  a s  plasma s p r a y  
c o a t i n g )  i s  j u s t i f i e d .  I n  a d d i t i o n ,  a  s m a l l  e f f o r t  i n  a n a l y z i n g  t h e  p h y s i c a l  
e f f e c t  of h i g h  pho to thermal  f l u x e s  on r e c e i v e r  s t r u c t u r e  s u r f a c e s  w i l l  he 
s t a r t e d  ( F i g u r e  3-5). 

H i g h - p r i o r i t y  R&D t o p i c s :  

improved adhes ion  ( t h e r m a l  shock)  and  -- i n  s i t u  c u r i n g ,  

s t u d y  of pho to thermal  s t a b i l i t y ,  and 

s t u d y  of p r o t e c t i o n  p r o p e r t i e s .  

Long-range R&D t o p i c :  

. - 
s t a b l e ,  h igh-absorptance ( as  2 0.98) p a i n t s ,  plasma s p r a y  c o a t i n g s  
and t r e a t e d  m a t e r i a l s  of c o n s t r u c t i o n .  



Funding for Investigation of Thermophysical Properties of 
High Temperature Receiver Surfaces and lde,ntification 
of Surfaces for Temperatures Greater Than 700°C (Sk) 

A. Oxides on Alloys of Construction (U. of Arizona) 

B. High Temperature Paints (EXXONI 

C. Plasma Spray Caatings and Thermal Oxide 
(Sandia AlbI 

D. RFP Plasma Spray, Tliermal Oxides, Conversion 
Surfaces 

E. Thernrophysical Properties of Materials of 
Construction 

TOTAL 

Figure 3-5 
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3.4 OPTICAL MEASUREMENTS, DURABILITY TESTING, AND COMPONENT EVALUATION 
( F i g u r e  3 - 6 )  

. 3.4.1 O p t i c a l  Measurements 

Measured o p t i c a l  p r o p e r t i e s  of a b s o r b e r  s u r f a c e s  a r e  r e q u i r e d  f o r  t h e  fol low- 
i n g  purposes:  

e n g i n e e r i n g  d e s i g n ,  

hardware v e r i f i c a t i o n  a n d  c o n t r o l ,  

d u r a b i l i t y  t e s t  e v a l u a t i o n ,  and 

a c o a t i n g  development and a n a l y s i s .  

The o p t i c a l  measurements s u p p o r t  i n  t h e  Absorber S u r f a c e s  Program c o n s i s t s  of 
f o u r  a c t i v i t i e s :  

d e t e r m i n a t i o n  of a p p r o p r i a t e  o p t i c a l  measurements,  

development of s t a n d a r d s  t o  e n s u r e  t h a t  r e s e a r c h  measurements a r e  
comparable,  

i d e n t i f i c a t i o n  o r  development of s p e c i a l i z e d  o p t i c a l  masurement 
equipment where n e c e s s a r y ,  and 

independent  measurement ( q u a l i f i c a t i o n )  o f  s u r f a c e s  developed w i t h i n  
t h e  program. 

The two a b s o r b e r  s u r f a c e  o p t i c a l  p r o p e r t i e s  e s s e n t i a l  f o r  r e c e i v e r  d e s i g n  a r e  
t h e  s o l a r  a b s o r p t a n c e  and t h e r m a l  e m i t t a n c e  o v e r  t h e  range  of o p e r a t i n g  
t empera tu res .  The complete  c h a r a c t e r i z a t i o n  of a n  a b s o r b e r  s u r f a c e  r e q u i r e s  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  measurement over  t h e  s p e c t r a l  r ange  from 0.25 t o  
25 pm; however, t h i s  measurement i s  i m p r a c t i c a l  f o r  a l l  b u t  t h e  most s p e c i a l -  
i z e d  a p p l i c a t i o n s .  

A S o l a r  O p t i c a l  M a t e r i a l s  program p l a n n i n g  committee h a s  been e s t a b l i s h e d .  
S c i e n t i s t s  from SERI, JPL, Sandia-Albuquerque, B a t t e l l e ,  and NBS a r e  p a r t i c i -  
p a n t s .  T h i s  group i s  e v a l u a t i n g  t h e  importance of t empera tu re ,  c h o i c e  of 
s o l a r  spectrum,  r e t r o f  l e c t a n c e ,  and p o l a r i z a t i o n  on t h e  o p t i c a l .  c h a r a c t e r i z a -  
t i o n  of a b s o r b e r  s u r f a c e s .  I n  a d d i t i o n  i t  w i l l  de te rmine  a p p r o p r i a t e  measure- 
ments f o r  each  of t h e  f o u r  a c t i v i t i e s  r e q u i r i n g  o p t i c a l  d a t a .  

F o r  R&D purposes  ( f o r  t h e  e v a l u a t i o n  of a b s o r b e r  s u r f a c e s  f o r  f l a t  o r  s i n g l y  
curved e x t e r n a l  r e c e i v e r s  and t h e  f i r s t  approx imat ions  t o  c a v i t i e s ) ,  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 a n c e  measurement i s  needed t o  de te rmine  s o l a r  
absorp tance .  An Edwards-type i n t e g r a t i n g  s p h e r e  a t t achment  t o  a n  NIK-VZS-UV 
spec t rophotomete r  w i l l  make t h i s  measurement. I f  t h e  r e s e a r c h e r  h a s  a c c e s s  t o  
o n l y  near-normal h e m i s p h e r i c a l  o r  s p e c u l a r  r e f l e c t a n c e  measurements,  t h e n  t h e  
program s u p p o r t  a c t i v i t y  w i l l  complement t h o s e  measurements w i t h  d i r e c t i o n a l  



Funding for Optical Measurements, Durability Testing and 
Component Evaluation (Skl 

A. Measurement Definition and Standards 
(NBS, SERI, JPL, Sandia-Alb, PNLl 

B. High Temperature Measurements of *as and Et 

C. Program Level Qualification Measurements 

D. Program ~ e A l  Durability Tests (IITRI. etc.1 

E. Durability Test Def in i t io~ l  (Lockheed) 

F. SERI Durability Testing and Co~nponsnt  EvaOuaOion 

G. Durability Test Defini,tion 

k i .  .STTFUA Photothermal Tests 

I. Field Data Analysis 

TOTAL 

Figure 3-6 
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h e m i s p h e r i c a l  measurements c o n t r a c t e d  a t  a  commercial f a c i l i t y  o r . a t  one of 
t h e  p a r t i c i p a t i n g  n a t i o n a l  l a b o r a t o r i e s .  

Based on a n  e v a l u a t i o n  of t h e  e f f e c t  of t empera tu re ,  i t  may be p o s s i b l e  t o  
decouple  h i g h  t empera tu re  and o p t i c a l  measurements i n  t h e  r e s e a r c h  mode. With 
t h e  e x c e p t i o n  of some semiconductor  c o a t i n g s ,  t h e  s o l a r  a b s o r p t a n c e  of most 
m a t e r i a l s  i s  no t  v e r y  temperature-dependent.  A t  t h e  R&D l e v e l  a  s imple  means 
of de te rmin ing  whe ther  t h e  a b s o r p t a n c e  of a  c o a t i n g  i s  temperature-dependent 
w i l l  s u f f i c e .  T h i s  cou ld  be done a t  two o r  t h r e e  wavelengths  i n  t h e  s o l a r  
spectrum by u s i n g  a  s imple  l a s e r  r e f l e c t o m e t e r  device .  The program w i l l  
i d e n t i f y  a  f a c i l i t y  f o r  t h i s  measurement and w i l l  a l s o  i d e n t i f y  a f a c i l i t y  t o  
do t h e  complete  measurement of s p e c t r a l  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 a n c e  
a t  expec ted  o p e r a t i n g  t empera tu re  f o r  program l e v e l  e v a l u a t i o n .  

T o t a l  normal the rmal  e m i t t a n c e  c a n  be c a l c u l a t e d  u s i n g  s p e c t r a l  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 a n c e  d a t a  i n  t h e  I R .  T o t a l  h e m i s p h e r i c a l  the rmal  emit-  
t a n c e  can  be determined c a l o r i m e t r i c a l l y .  

The working group w i l l  p u b l i s h  a  l i s t  of f a c i l i t i e s  t h a t  can make s o l a r  
a b s o r p t a n c e  and the rmal  e m i t t a n c e  measurements. 

NBS w i l l  c o n t i n u e  a c t i v i t i e s  t o  e v a l u a t e  o p t i c a l  measurement f a c i l i t i e s  and t o  
deve lop  s t a n d a r d s .  

Inexpens ive  t e c h n i q u e s  f o r  i n - l i n e  p r o c e s s  c o n t r o l  of l a r g e  a r e a  f l a t  p l a t e  
s o l a r  a b s o r b e r s  w i l l  be i n v e s t i g a t e d  a s  p a r t  of t h e  measurements d e f i n i t i o n  
a c t i v i t y .  

SERI w i l l  t a k e  t h e  l e a d  i n  i d e n t i f y i n g  o r  deve lop ing  s p e c i a l i z e d  equipment,  
and a n  RFP f o r  independent  e v a l u a t i o n  of a b s o r b e r  s u r f a c e s  i s  expec ted  t o  be 
i s sued .  

3.4.2 D u r a b i l i t y  T e s t i n g  

D u r a b i l i t y  t e s t i n g  i s  r e q u i r e d  a t  t h r e e  l e v e l s :  

t e s t i n g  a t  t h e  r e s e a r c h  l e v e l  by t h e  deve loper  t o  e s t a b l i s h  t h e  
i n h e r e n t  d u r a b i l i t y  and t o  e v a l u a t e  t h e  e f f e c t s  of m a t e r i a l s , a n d / o r  
p r o c e s s  v a r i a t i o n s ;  

t e s t i n g  a t  t h e  program l e v e l  (which i n c l u d e s  b a s i c  r e s e a r c h  i n t o  
mechanisms of d e g r a d a t i o n ,  i n  o r d e r  t o  d e f i n e  a c c e l e r a t e d  l i f e t i m e  
t e s t s )  by an  independent  l a b o r a t o r y  t o  c o r r o b o r a t e  t h e  l i m i t s  t o  
c o a t i n g  u t i l i z a t i o n ;  and 

e v a l u a t i o n  and q u a l i f i c a t i o n  t e s t s  by t h e  u l t i m a t e  use r .  

The Absorber  S u r f a c e  Program i s  r e s p o n s i b l e  f o r  t h e  f i r s t  two a c t i v i t i e s  and 
shou ld  p rov ide  major guidance t o  t h e  t h i r d .  

During e a r l y  FY79, c o a t i n g  development c o n t r a c t o r s  w i l l  p r e p a r e  d u r a b i l i t y  
t e s t  p l a n s  f o r  review by t h e  Absorber  S u r f a c e  C o o r d i n a t i n g  Counci l .  T h i s  
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a c t i v i t y  w i l l  r e s u l t  i n  d u r a b i l i t y  t e s t i n g  g u i d e l i n e s  i n  mid FY79. Require- 
ments  f o r  independen t  d u r a b i l i t y  t e s t i n g  w i l l  be d e f i n e d  d u r i n g  FY79 and a  
c o n t r a c t o r  s e l e c t e d  t o  do t h e  t e s t i n g  i n  La te  FY79. 

A program w i l l  be i n i t i a t e d  i n  FY79, i n  c o o p e r a t i o n  w i t h  t h e  S o l a r  Thermal 
T e s t  F a c i l i t y  U s e r s  A s s o c i a t i o n ,  t o  a s s e s s  t h e  pho to thermal  s t a b i l i t y  of 
a b s o r b e r -  s u r f a c e s  emerging from advanced development. 

3.4.3 Component E v a l u a t i o n  

E a r l y  work by NASA-Lewis and Sandia-Albuquerque measured t h e  e f f e c t  of im- 
provements  of t h e  o p t i c a l  p r o p e r t i e s  of r e c e i v e r  s u r f a c e s  on t h e  performance 
o f  f l a t  p l a t e  and l i n e a r  c o n c e n t r a t o r  systems. T h i s  a c t i v i t y  w i l l  be extended 
by SERI t o  p o i n t  f o c u s  sys tems a s  p a r t  of t h e  STDP (Subsystem Technology and 
Development F a c i l i t y )  component e v a l u a t i o n  program. T h i s  a c t i v i t y  s e r v e s  t o  
check t h e  r e l i a b i l i t y  o f  t h e  sys tems b e n e f i t  a n a l y s i s  and t o  g a i n  working 
e x p e r i e n c e  w i t h  advanced a b s o r b e r  s u r f a c e s  under  c o n t r o l l e d  o p e r a t i n g  condi-  
t i o n s .  The f i r s t  exper iments  w i l l  b e g i n  i n  l a t e  FY79. 

3.5 SYSTEMS ANALYSIS 

The systems a n a l y s i s  a c t i v i t y  ( F i g u r e  3-7) i n i t i a t e d  by JPL i n  FY77 and  ~ ~ 7 8  
w i l l  be r e f i n e d  and ex tended  th rough  a  j o i n t  SERI/JPL e f f o r t .  Major a c t i v i -  
t i e s  i n  FY79 w i l l  d e t e r m i n e  t h e  minimum s o l a r  a b s o r p t a n c e  a s  a c r i t e r i o n  i n  
judg ing  i n t e r m e d i a t e  t e m p e r a t u r e  s e l e c t i v e  a b s o r b e r  development,  r e f i n e  
e s t i m a t e s  of a b s o r b e r  s u r f a c e  and program c o s t / b e n e f i t s ,  and de te rmine  t h e  
optimum o p t i c a l  p r o p e r t i e s  f o r  c a v i t y  a b s o r b e r s .  

3.6 DATA BASE 

The d a t a  b a s e  a c t i v i t y  i s  one p a r t  of a  l a r g e r  SERI p r i o r i t y  program: t h e  
S o l a r  Energy Data  Base. The a b s o r b e r  s u r f a c e  p o r t i o n  of t h e  m a t e r i a l s  d a t a  
b a s e  s e r v e s  two f u n c t i o n s :  (1) t o  make a c c e s s i b l e  t o  a b s o r b e r  s u r f a c e  devel-  
o p e r s  and u s e r s  s t a t e - o f - t h e - a r t  i n f o r m a t i o n  on a b s o r b e r  s u r f a c e  performance,  
d u r a b i l i t y ,  and c o s t  and (2 )  t o  p r o v i d e  a  r e s o u r c e  t o  t h e  sys tems a n a l y s i s  and 
program management a c t i v i t i e s .  The a b s o r b e r  s u r f a c e  d a t a  b a s e  i s  d i v i d e d  i n t o  
m a t e r i a l s ,  sys tem,  and l o c a l  environment s e c t i o n s .  The Absorber  S u r f a c e s  
Program w i l l  c o n t r i b u t e  p r i m a r i l y  t o  t h e  m a t e r i a l s  d a t a  base '  and w i l l  u t i l i z e  
t h e  o t h e r  two s e c t i o n s  as r e s o u r c e s .  It i s  a n t i c i p a t e d  t h a t  a  d a t a  s y n t h e s i s  
a c t i v i t y ,  similar t o  t h e  CINDAS work under  Touloukian a t P u r d u e  U n i v e r s i t y w i l l  
be  s u b c o n t r a c t e d  f o r  and w i l l  be a c c e s s i b l e  th rough  SERI. An upda ted  b i b l i o -  
g r a p h y ,  commercial  i n d e x ,  and d u r a b i l i t y  d a t a  b a s e  w i l l  comprise  a n  ongoing 
SERI a c t i v i t y .  The budget  of t h e  d a t a  b a s e  a c t i v i t y  i s  d e s c r i b e d  i n  F i g u r e  3- 
8 .  

3.7 BASIC AND GENERIC RESEARCH 

The B a s i c  and G e n e r i c  Research  a c t i v i t y  ( F i g u r e  3-9) w i l l  emphasize t h e  
u n d e r s t a n d i n g  of d e g r a d a t i o n  mechanisms ( t h e r m a l ,  pho to thermal ,  env i ronmenta l )  



Funding for Systems Analysis ($10 

Absorber Surfaces Benefit Analysis 

A. JPL 

6. Sandia-Alb. 

C. Sandia- Liv. 

D .  Refined Benefit Analysis (JPL-SERI) 

E. Program Benefit Analysis (SERII 

F. Other Cotltractors (Boei~ig, IblcDonnell Douglas, 
Martin Marietta, etc.) 

TOTAL 

Figure 3-7 



Funding for Absorber Surface Data Base ($10 

A. Develop / Maintain Data Base ISERI) 

B. Data Analysis ,'Synthesis 

Total 
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Funding for Basic and Generic Research (Sk) 

A. Dispersed Metal Particles (Cornell U.) 

B. Black. Chrome Model (U. of Houston) 

C. Composition Profiling IU. of Minn.1 

D. Black. Chrome Degradation (SERI IClarkson) 

E. BES Photothermal Conversion (ANL,Arnes, Oak ~ i d g e ,  
PNR, LBL) 

F. Optical Properties of Materials 

G. Absorber Surface Modeling 

ti. Fundamental Degradation Mechanisms 

I. Photothern~al Degradation 

J. Innovative Concepts 

TOTAL 

* Photothermal Conversion i n  FY78 includes anlorphous silicon (U. of Arizona, $look) and amorphous materials 
(BNL, S150k). 

Figure 3-9 
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and  a b s o r b e r  model ing w i t h  a s m a l l  budget r e s e r v e d  f o r  i n n o v a t i v e  concepts .  
It i s  r e c o g n i z e d  t h a t  a c t i v i t i e s  ongoing i n  DOE/BES w i l l  p r o v i d e  a  s o u r c e  of 
i n f o r m a t i o n  w h i l e  remain ing  independent  of t h e  Absorber  S u r f a c e s  Program. 
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SECTION 4.0 

SERI ABSORBER SURFACE ACTIVITIE'S 

The s p e c i f i c  SERI a c t i v i t i e s  t h a t  w i l l  s u p p o r t  t h e  Absorber  S u r f a c e s  Program 
a r e  shown i n  F i g u r e  4-1 w i t h  proposed fund ing  l e v e l s  i n  FY79. These a c t i v i -  
t i e s  w i l l  be performed b o t h  in-house and th rough  s u b c o n t r a c t s .  I n  a d d i t i o n  
SERI w i l l  manage funds  f o r  t h e  development of i n t e r m e d i a t e -  and  high-tempera- 
t u r e  s e l e c t i . v e  and n o n s e l e c t i v e  a b s o r b e r  s u r f a c e s .  The pr imary f o c u s  of SERI 
r e s e a r c h  a c t i v i t y  w i l l  be t h e  s t u d y  of pho to thermal  d e g r a d a t i o n  of a b s o r b e r  
s u r f a c e s  l e a d i n g  t o  improved a b s o r b e r  d u r a b i l i t y  and a c c e l e r a t e d  l i f e t i m e  
t e s t s .  A s m a l l  r e s e a r c h  a c t i v i t y  h a s  been i n i t i a t e d  on e l e c t r o d e p o s i t e d  b l a c k  
c o b a l t  a s  a  p o t e n t i a l  s e l e c t i v e  a b s o r b e r  a l t e r n a t i v e  t o  b l a c k  chrome f o r  
t e m p e r a t u r e s  g r e a t e r  t h a n  400°C. T h i s  s e c t i o n  w i l l  e l a b o r a t e  on t h e  degrada- 
t i o n ,  b lack  c o b a l t ,  and b e n e f i t  a n a l y s i s  a c t i v i t i e s ;  t h e  remaining suppor t  
a c t i v i t i e s  l i s t e d  i n  F i g u r e  4-1 a r e  d e s c r i b e d  i n  S e c t i o n  3. 

4.1 DEGRADATION MECHANISMS 

The p r e s e n t  SERI d e g r a d a t i o n  r e s e a r c h  a c t i v i t y  i s  t h e  s tudy  of b l a c k  chrome 
under  s i m u l a t e d  t c r r c s t r i a l  env i ronmenta l  exposure.  Through a  s u b c o n t r a c t  
w i t h  Cla rkson  C o l l e g e  b lack  chrome f i l m s  a r e  p r e p a r e d  by r e a c t i v e  e v a p o r a t i o n  
of chromium o n t o  a  s u b s t r a t e  i n  a  q u a r t z  microbalance.  The f i l m s  a r e  t h e n  
h e a t e d  -- i n  s i t u  under  a  c o n t r o l l e d  environment w h i l e  t h e  o p t i c a l  p r o p e r t i e s  and 
t h e  mass of t h e  f i l m  a r e  c o n t i n u o u s l y  measured. S u r f a c e  a n a l y s i s  (Auger 
e l e c t r o n  s p e c t r o s c o p y ,  ESCA, and i o n  s c a t t e r i n g  s p e c t r o s c o p y )  i n  combinat ion 
w i t h  d e p t h  p r o f i l i n g  a f t e r  t h e  d e g r a d a t i o n  exper iment  y i e l d s  f u r t h e r  informa- 
t i o n  concern ing  t h e  mechanisms of degrada t ion .  The u s e  of s p e c i f i c  i s o t o p e s  
(016 o r  018) i n  t h e  p roduc t ion  and d e g r a d a t i o n  of t h e  f i l m s  i s  e x p l o i t e d  t o  
a i d  t h e  a n a l y s i s .  T h i s  p r o j e c t  was begun i n  J u n e  1978 and w i l l  be a n  18- 
month e f f o r t .  An expanded program i n  d e g r a d a t i o n  r e s e a r c h  a t  SERI w i l l  b e g i n  
i n  FY79. 

4.2 BLACK COBALT 

A two-year s u b c o n t r a c t  w i t h  t h e  Colorado School  of Mines was s t a r t e d  i n  J u n e  
1978 t o  de te rmine  whether  e l e c t r o d e p o s i t e d  b l a c k  c o b a l t  h a s  s u i t a b l e  s o l a r  
a b s o r p t a n c e ,  the rmal  e m i t t a n c e ,  and t h e r m a l l p h o t o t h e r m a l  s t a b i l i t y  t o  s e r v e  a s  
a n  a b s o r b e r  c o a t i n g  f o r  r e c e i v e r  a p p l i c a t i o n s  t o  700°C. P u b l i s h e d  r e p o r t s  
i n d i c a t e  t h a t  e l e c t r o d e p o s i t e d  c o b a l t  ox ide  h a s  e x c e l l e n t  o p t i c a l  p r o p e r t i e s  
I331 and  e x t r a o r d i n a r y  the rmal  s t a b i l i t y  [ 3 4 ] ;  however, t h e  d a t a  p r e s e n t e d  a r e  
p r e l i m i n a r y  and d i f f i c u l t  t o  e v a l u a t e .  

The r e s e a r c h  p r o j e c t  w i l l  e x p l o r e  t h e  e f f e c t  of t h e  e l e c t r o d e p o s i t i o n  para-  
m e t e r s  on t h e  o p t i c a l  performance and pho to thermal  s t a b i l i t y  of c o b a l t  ox ide  
f i l.ms . 
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Figure 4 - 1  
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4.3 BENEFIT ANALYSIS 

F u r t h e r  re f inement  of t h e  JPL b e n e f i t  a n a l y s i s  h a s  been i n i t i a t e d  j o i n t l y  by 
SERI and JPL t o  a s s e s s  t h e  e f f e c t  of o f f -des ign  o p e r a t i o n .  The format  f o r  
t h i s  a n a l y s i s  i s  i n d i c a t e d  s c h e m a t i c a l l y  i n  F i g u r e  4-2, where l i n e s  of con- 
s t a n t  a n n u a l i z e d  system e f f i c i e n c y  r e f e r e n c e d  t o  a  good b l a c k  s u r f a c e  a r e  
p l o t t e d  i n  t h e  s p a c e  of t h e  o p t i c a l  pa ramete rs  of t h e  r e c e i v e r a s  and e t .  The 
s e l e c t i o n  of model systems h a s  been s t a r t e d  and e q u a t i o n s  t o  combine c o l l e c t o r  
and h e a t  eng ine  e f f i c i e n c i e s  i n t o  a n  o v e r a l l  sys tem e f f i c i e n c y  a r e  be ing  
i d e n t i f i e d .  S i t e  i n s o l a t i o n  and l o c a t i o n  w i l l  i n c l u d e  d e s e r t  and n o n d e s e r t  
c l i m a t e s  and low and i n t e r m e d i a t e  l a t i t u d e s .  T h i s  a n a l y s i s  w i l l  a l l o w  t h e  
o b j e c t i v e  d e t e r m i n a t i o n  of program development g o a l s  f o r  t h e  o p t i c a l  proper-  
t i e s  of s e l e c t i v e  a b s o r b e r s .  



as 
Figure 4 - 2  Lines of  Constant Percentage Improvement of Solar Thermal System Efficiency (Anif21 as a 

Function of Absorber Surface Optical Properties Relative to a Good Nora-Selective Surface 
I as = 0.95, ct = 0.951 \ 
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