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ABSTRACT 

- This  Phase I F i n a l  Report sumamrizes t h e  a n a l y t i c a l ,  experimental ,  

des ign  and s p e c i f i c a t i o n  e f f o . r t s  f o r  t h e  f i r s t  n ine  months of t h e  D a l l a s /  

Fort.Wor.th A i rpo r t  F re sne l /Pho tovo l t a i c  Concentrator  Appl ica t ion  Experiment. 

The o v e r a l l  o b j e c t i v e  of t h e  complete three-phase program i s  t o  develop and 

. demonstrate  a .un ique  pho tovo l t a i c  concen t r a to r  t o t a l  energy system which, when 

mass-produced, w i l l  p rovide  e l e c t r i c a l  and thermal  energy a t  c o s t s  compet i t ive  

wi th  convent iona l  energy sources .  Toward t h i s  o b j e c t i v e ,  t he  Phase I - System Design 

c o n t r a c t  has  been completed, r e s u l t i n g  i n  a  f i n a l  system des ign ,  ' a n a l y t i c a l  ' d e f i n i -  

t i o n  of system performance and e.conomics, and a  s u c c e s s f u l l y  t e s t e d  pro to type  

c o l l e c t o r  which f u l l y  v e r i f i e d  performance p r e d i c t i o n s .  

2  
The proposed system w i l l  u t i l i z e  245 m of E-Systems l i n e a r  F r e s n e l  

p h o t o v o l t a i c  c o l l e c t o r s  t o  provide  25 kw (AC) of power and 140 kw of h e a t  t o  e  t 

t h e  C e n t r a l  U t i l i t y  F a c i l i t y  of Da l l a s /Fo r t  worth Ai rpo r t .  The e l e c t r i c  power 

w i l l  be used t o  meet a  cont inuous l i g h t i n g  load ,  whi le  t he  thermal  energy w i l l  

be used t o  p rehea t  b o i l e r  feedwater .  Peak system e f f i c i e n c i e s  w i l l  b e  10.2% 

e l e c t r i c  ( i n s o l a t i o n  t o  n e t  AC ou tpu t )  and 56% thermal  ( i n s o l a t i o n  t o  n e t  h e a t  

d e l i v e r e d ) .  Annual e f f i c i e n c i e s  w i l l  be  8.4% e l e c t r i c  and 49% thermal .  

Product ion system economics a r e  a t t r a c t i v e  i n  t he  near  term: 7~/Kwh e l e c t r i c i t y  

and $7/MMBtu h e a t  (1975 $) could be achieved by 1981 wi th  l i m i t e d  product ion.  

With h ighe r  product ion,  t h e s e  c o s t s  could be halved by 1990. 



PROJECT SUMMARY 

E-Systems, Inc.,  Energy Technology Center is pleased t o  submit t h i s  

f i n a l  t echn ica l  r epor t  t o  t h e  United S t a t e s  Department of Energy, i n  p a r t i a l  fu l -  

f i l lmen t  of Contract No. ET-78-C-04-5311, Phase I, System Design of t h e  Dallas/Ft .  Worth 

- Airpor t  Fresnel  Photovoltaic Concentrator Applicat ion Experiment. The o v e r a l l  

ob jec t ive  of t h e  complete three-phase program is t o  develop and demonstrate a unique 

photovol ta ic  concentrator  t o t a l  energy system which, when mass-produced, w i l l  provide 

e l e c t r i c a l  and thermal energy a t  c o s t s  competitive with conventional energy sources. 

Toward t h i s  object ive ,  the  Phase I - System Design contrac t  has  been completed, r e s u l t i n g  

i n  a f i n a l  system design,  a n a l y t i c a l  d e f i n i t i o n  of system performance and economics, 

and a d e t a i l e d  plan f o r  Phase I1 - System Fabr ica t ion and Phase 111 - System Operation/ 

Evaluation. Also, during Phase I, a prototype c o l l e c t o r  was b u i l t  and successful lg  

t e s ted .  

The si te s e l e c t e d  f o r  t h e  proposed experiment is  a t  t h e  Dallas-Fort Wort 

Airpor t ,  t h e  l a r g e s t  (18,000 ac res )  a i r p o r t  i n  t h e  United S ta tes .  Figure 1.1 shows t h e  

a i r p o r t  and t h e  proposed site,  t h e  Centra l  U t i l i t y  P lan t ,  loca ted  a t  t h e  geometric 

c e n t e r  of t h e  a i r p o r t .  This f a c i l i t y  provides hea t ,  hot  w a t e r  and a i r -condi t ioning f o r  

t h e  e n t i r e  a i r p o r t .  Note t h a t  t h e  Centra l  U t i l i t y  F a c i l i t y  i s  loca ted  between t h e  two 

major throughfares of t h e  a i r p o r t .  The c o l l e c t o r  a r r a y s  w i l l  be  aounted on t h e  roof 

of t h i s  bui ld ing,  which is c l e a r l y  v i s i b l e  from both thoroughfares. Since more than 

10 mi l l ion  persons u t i l i z e  the  a i r p o r t  eachyear,  the s i t e  o f f e r s  except ional  v i s i b i l i t y .  

Other s i t e  f a c t o r s  which l e d  t o  t h i s  s e l e c t i o n  include:  

Large growth p o t e n t i a l :  Since t h e  proposed system w i l l  supply 
only 1/3% of the  p l a n t ' s  t o t a l  load,  a poss ib le  f u t u r e  scale-up 
could be accomplished a f t e r  technical/economic f e a s i b i l i t y  is 
es tab l i shed .  

Wide a p p l i c a b i l i t y :  Since t h e r e  a r e  numerous such c e n t r a l  energy 
p l a n t s  worldwide, t h i s  demonstration could l ead  t o  system p r o l i f e r a t i o  
i n  s i m i l a r  app l i ca t ions .  



FIGURE 1.1 SITE OF THE EXPERIMENT 



Convenient access :  S i t e  v i s i t o r s ,  i nc lud ing  government c o n t r a c t  
monitors ,  team members, v i s i t i n g  d i g n i t a r i e s ,  e t  a l ,  can e a s i l y  
v ' i s i t  t h e  s i t e  from anywhere i n  t h e  world. 

Hi.gh i n s o l a t i o n :  D i rec t  normal sola ' r  r a d i a t i o n  is  high and 
t y p i c a l  of t h e  Southwest United S t a t e s .  

Non-technical f a c t o r s :  No adverse  e f f e c t s  t o  t h e  environment, and 
no code o r  r a t e  s t r u c t u r e  impacts  w i l l  be caused by the  sy, stem. 

The system des ign  is extremely s i n p l e ,  c o n s i s t i n g  of t h e  fo l lowing  major elements:  .,. 

Concentrator  a r r a y :  11 a r r a y  assembl ies  of  10 c o l l e c t o r  modules each 
w i l l  p rovide  a t o t a l  a p e r t u r e  of 245m2. Each niodule c o n s i s t s - o f  
E-Systems new high-ef f ic iency ,  s h o r t  f o c a l  l eng th ,  l i n e a r  F re sne l  
l e n s  concen t r a to r  which focusses  i n c i d e n t  s g n l i g b t  =DO- a c t i v e l y  
cooled OCLI s i l i c o n  pho tovo l t a i c  c e l l s .  Both t h e  e l e c t r i c a l  and 
thermal ou tpu t s  of t h e  c o l l e c t o r s  w i l l  b e  f u l l y  u t i l i z e d .  Peak 
out?u ts  w i l l  be  27 kwe DC and 140 kwt. 

E l e c t r i c  i n t e r f a c e :  A unique, f u l l y  t r a n s i s t o r i z e d  i n v e r t e r  w i l l  
conver t  the DC pho tovo l t a i c  power t o  useable  AC power t o  provide  
f o r  p a r a s i t i c s  and f o r  a  cons t an t  25 kw l i g h t i n g  load  wi th in  rhe  
p l a n t .  Supplemental l i n e  power from Texas Power and Light  Company 
w i l l  be  r e c t i f i e d  t o  DC and mixed wi th  t h e  pho tovo l t a i c  a r r a y  o u t p u t  
t o  meet t h e  i n v e r t e r  i npu t  requirements .  No e l e c t r i c  s t o r a g e  o r  
waste w i l l  be r equ i r ed .  

Thermal i n t e r f a c e :  The g lyco l lwa te r  s o l u t i o n  c i r c u l a t i n g  through 
t h e  c o l l e c t o r  f i e l d  w i l l  exchange c o l l e c t e d  h e a t  w i th  a  cont inuous 
s t ream of low temperature (about 3 0 ° C ) ' b o i l e r  feedwater  i n  t h e  p l a n t .  
A simple one-pass h e a t  exchanger i s  used f o r  t h i s  nominal 140 kwt 
thermal energy t r a n s f e r .  No thermal  energy s t o r a g e  o r  waste  w i l l  
be r equ i r ed .  

System performance w i l l  be e x c e l l e n t .  Peak o v e r a l l  system e f f i c i e n c i e s  

w i l l  be 10.2% e l e c t r i c  ( i n s o l a t i o n  t o  n e t  AC ou tpu t )  ,and 56% thermal ( i n s o l a t i o n  t o  n e t  

h e a t  d e l i v e r e d ) .  Annual e f f i c i e n c i e s  a r e  a l s o  h igh:  8.4% e l e c t r i c  and 49% thermal .  

Thus, on an annual  b a s i s ,  over  57% of t h e  a v a i l a b l e  i n s o l a t i o n  w i l l  be  converted t o  

u s e f u l  energy ou tpu t .  

System economic v i a b i l i t y  is a l s o  exce l len ' t .  With l i m i t e d  product ion ,  

t h e  system could d e l i v e r  e l e c t r i c  energy a t  a  20-year l e v e l i z e d  7c/kwh and h e a t  a t  

a  20-year l e v e l i z e d  $ 7 / W t u  (1975$) by 1981, us ing  economic f a c t o r s  a p p r o p r i a t e  t o  

DFW Airpor t .  I n  t h e  longer  term, wi th  h ighe r  product ion ,  t h e s e  l e v e l i z e d  c o s t s  should 



drop t o  about  3 ~ / k w h  and $3/MMBtu (1975$) by 1990. On a l i f e  cyc l e  b a s i s ,  even the  

n e a r  term energy c o s t s  above a r e  compet i t ive  w i t h  convent iona l  energy cosgs when 

modest f u e l  e s c a l a t i o n  r a t e s  a r e  considered.  

To v e r i f y  t h e  e x c e l l e n t  performance e s t i m a t e s  made f o r  t h e  new system, 

a  p ro to type  c o l l e c t o r  module w a s  b u i l t  and t e s t e d  dur ing  Phase I. Since t h e  proposed 

c o l l e c t o r  system w i l l  c o n s i s t  of 110 c o l l e c t o r  modules, each of which is  t h e  ' f u n c t i o n a l  

e q u i v a l e n t  of t h e  p ro to type  c o l l e c t o r ,  t h e s e  t e s t  r e s u l t s  a r e  an  e x c e l l e n t  i n d i c a t o r  

of f u l l  system performance. Key t e s t  r e s u l t s  a r e :  

A t  oyoecm d c g i g n  p i n t  c a n d i t i a n s ,  i.t., s e l l  tciupeidLu~r aLuuL 5 5 " ~ ,  
t h e , o v e r a l l  c o l l e c t o r  e l e c t r i c a l  e f f i c i e n c y  was measured t o  be  11.3%. 
This  va lue  ag rees  wi th  p r e d i c a t i o n s  made i n  t h e  o r i g i n a l  proposa l  a 
y e a r  ago w i t h i n  L% (predlc6e.d value: 11.4%). 

A t  des ign  p o i n t  cond i t i ons ,  t h e  o v e r a l l  c o l l e c t o r  ther-1 e f f i c i e n c y  
w a s  measured t o  be 56.4%. This  va lue  ag rees  wi th  p r e d i c t i o n s  made 
i n  t h e  Mid-Program Review w i t h i n  4% ( p r e d i c t e d  va lue :  58.6%), 
d e s p i t e  gaps i n  t h e  l e n s ,  a  25 mph wind, and 8OC c o o l e r  ambient 
du r ing  t h e  t e s t  . 

: A t  de s ign  p o i n t  cond i t i ons ,  t h e  o v e r a l l  ( thermal  & ' e l e c t r i c a l )  
c o l l e c t o r  e f f i c i e n c y  was measured t o  be 67.7% , on ly  3% lower 
than  t h e  p r e d i c t e d  70%. 

The l e n s  n e t  t r ansmi t t ance  was measured, using a  s h o r t  c i r c u i t  c u r r e n t  
r a t i o  w i ~ h  and wi thout  t h e  l e n s  i n  p l ace ,  t o  be  88.7%, 4% h i g h e r  than  
t h e  p r e d i c t e d  85%. 

e The ,image w i d t h  produced by t h e  l e n s  wa3 s u b s t a n t i a l l y  l e s s  than 
t h e  c e l l  wfdth, i n d i c a t i n g  t h a t  concen t r a t ion  r a t i o s  w e l l  above 
25 a r e  ach ievab le  i n  t he  long  term. 

De ta i l ed  p l a n s  f o r  Phases I1 and I11 a r e  presented  i n  t h e  Phase 111111 

proposa l  and w i l l  n o t  be r epea t ed  i n  t h i s  r e p o r t .  S i m i l a r l y ,  t h e  d e r a i l e d  des ign  

drawing package w i l l  no t  be inc luded  i n  t h i s  r e p o r t ,  bu t  is a v a i l a b l e  from DOE upon 

r e q u e s t  . 
Program p a r t i c i p a n t s  i nc lude  E-Systems, DFW A i r p o r t ,  O p t i c a l  

Coat ing Lab, and Texas Power and Light  Company. 



CONCEPTUAL SYSTEM DESIGN AND ANALYSIS 

System Description 

The proposed Fresnel/Photovoltaic/Photothermal power system 

(depicted in Figure 2.1.1) will supply a nominal 25 he (AC) of electrical 

power and 140 kw of process heat to the Central Utility Facility of the 
t _.. + .. .I 

Dallas-Fort Worth Airport. The electrical output of the photovoltaic system 

will be used to power the continuous-duty emergency lighting system within 

the plant, which consists of high efficiency fluorescent and mercury vapor 

lamps. The thermal output will be used to preheat boiler feedwater which 

is condensed at 85-95OF (29-35OC) within a continuous-duty Rankine cycle 

power system in the plant. Since both electrical and thermal outputs of 

the photovoltaic system are always, less than or equal to the, loads with which 

they interface, neither electrical storage nor thermal storage will be required, 

and no appreciable solar-generated energy will be wasted for lack of load. 

The low-tem2erature heat load available (boiler feedwater) enhances ,both the 

electrical and thermal performance of the system, since the 'silicon cells 

operate more efficiently for lower cel.1 temperatures, and thermal iosses 

from collectors and piping are lower for lower fluid temperatures. 

The solar concentrator array consists of 11 arrays of 10 collector 

modules each. Each module utilizes a unique, high-efficiency, short F-number, 

linear Fresnel lens of 3 feet (91.4 cm) aperture width by 8 feet (244 cm) 

aperture length, to focus incident sunlight upon a series-connected string 

of 53 silicon solar cells. Each cell is 1.44 inches (3.66 cm) wide by 

1.78 inches (4.52 cm) long, thus forming an 8 foot (244 cm) long cell string 

one twenty-fifth as wide as the lens. Thus, the geometric concentration 

ratio of the collector is 25. The peak power voltage of each cell under 
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ope ra t ing  cond i t i ons  is  approximately 0.49 v o l t s  such t h a t  53 s e r i e s  c e l l s  

provide 26 v o l t s  a t  peak power. Ten modules a r e  connected i n  s e r i e s  t o  ' 

form'a  nominal 260 v o l t  a r r a y .  Eleven such a r r a y s  wired i n  p a r a l l e l  w i l l  

produce about  27 kw of d i r e c t  c u r r e n t  power a t  260 v o l t s  when t h e  d i r e c t  ' 
e  

2  
normal i n s o l a t i o n  is 1000 w/m and the  c e l l  temperature is about'55OC. 

The c e l l  s t r i n g  w i t h i n  each module i s  mounted t o  a  copper f i n / t u b e  h e a t  s i n k  

through which a  30% s o l u t i o n  of e thy lene  g lyco l /wa te r  i s  c i r c u l a t e d .  This  

f l u i d  absorbs  the  thermal energy produced i n  t h e  c e l l  assembly by the  i n c i d e n t  

concent ra ted  s o l a r  f l ux .  Each a r r a y  is  plumbed wi th  t en  modules i n  s e r i e s  

wi th  a  nominal a r r a y  temperature r i s e  of .40°F (22.2OC). The e l even  a r r a y s  

a r e  plumbed i n  p a r a l l e l  t o  one another .  F u l l  d e t a i l s  of t he  a r r a y  des ign  and 

performance a r e  presented  i n  Sec t ion  3.1. 

.The e l e c t r i c a l  i n t e r f a c e  u t i l i z e s  a  unique f u l l y  t r a n s i s t o r i z e d  

i n v e r t e r  developed f o r  t he  r a p i d  t r a n s i t  i n d u s t r y  (Reference 1 ) .  Thi s  

i n v e r t e r  has  an o v e r a l l  DC-to-AC e f f i c i e n c y  of 97?, based upon p ro to type  

t e s t  d a t a .  Thus, . l f  peak cond i t i ons ,  26 kw of 480 VAC power w i l l  be output  

from t h e  i n v e r t e r  t o  meet load  and p a r a s i t i c  requirements .  The p rev ious ly  

descr ibed  1.oad i s  an i n v a r i a n t  25 kw l i g h t i n g  load .  The p a r a s i r i c  power 

requirements ,  c o n s i s t i n g  mainly of t h e  pump motor,  b u t  a l s o  i n c h d i n g  t r a c k i n g  

motors and c o n t r o l  power, amount t o  l e s s  than  1 kw. Supplemental power is . 
..  . . 

provided by t h e  l o c a l  u t i l i t y ,  Texas Power & ~ i g h t  Company (TP&L) . However, 

a  TP&L r e g u l a t i o n  p r o h i b i t s  mixing of on - s i t e  genera ted  AC e l e c t r i c i t y  w i th  

u t i l i t y  AC power (cogenera t ion) .  Therefore ,  t h e  supplemental  power is mixed 

wi th  the  p h o t o v o l t a i c  a t  the  DC l e v e l  of F igure  2 . 1 . 1 ,  i . e . ,  a f t e r  

r e c t i f y i n g  l i n e  power t o  DC. While t h i s  i n t e r f a c e  arrangement causes  l o s s e s  



i n  supplemental  power due t o  t h e  i n e f f i c i e n c i e s  of t h e  r e c t i f i e r  and i n v e r t e r ,  

i t  meets t h e  p r e v i o u s l y  mentioned r e g u l a t i o n  and i t  provides  one d i s t i n c t  

advantage.  S ince  t h e  combined p h o t o v o l t a i c  a r r a y  output  and t h e  supplemental 

u t i l i t y  power a r e  mixed t o  provide  a  cons t an t  27 kw (DC) input126 kw (AC) 

o u t p u t  a t  t h e  i n v e r t e r ,  t h i s  dev ice  always ope ra t e s  a t  a  f i x e d  load.. Thus, 

t h e  i n v e r t e r  i s  designed f o r  op t imal  e f f i c i e n c y  a t  t h i s  27 kw - in126 kw-out 

Load, and i t  never  o p e r a t e s  a t  o f f -des ign  load.  O f  cours.e, t he  r e c t i f i e r  

must o p e r a t e  a t  a  v a r i e t y  of l oads  depending upon p h o t o v o l t a C ~  output .  

F o r t u n a t e l y ,  t h e  r e c t i f i e r  i n e f f i c i e n c i e s  a r e  q u i t e  small, vary ing  from l e s s  

t han  200 w a t t s  a t  zero r e c t i f i e r  ou tpu t  t o  l e s s  than  600 w a t t s  a t  f u l l  (27'kw) 

o u t p u t ,  which correspond t o  only  0.8% and 2.4%, r e s p e c t i v e l y ,  of t he  25 kw 

l i g h t i n g  load.  Thus t h e  supplemental  u t i l i t y  power l o s s e s  a r e  small f o r  t h e  

proposed des ign .  Whenever t h e  u t i l i t y  wat tage  drawn by t h e  system exceeds 

t h e  25 kw load  &ing met by t h e  system (e. g;  , when clouds obscure the  s u n ) ,  

t h e  au tomat ic  swi tch  w i l l  d i s connec t  the load  from t h e  pho tovn l t a i c  system 

and s u b s t i t u t e  u t i l i t y  power d i r e c t l y  t o  meet t h e  load.  This  w i l l  p revent  

o p e r a t i o n  of t h e  system a t  a  n e t  energy l o s s  cond i t i on .  Although not  shown 

i n  F igu re  2.1.1, the  power cond i t i on ing  u n i t  (PCU) u t i l i z e s  a  closed-loop 

~ e a k  power p o i n t  t r ack ing  s y s t e m ' t o  main ta in  the  DC vo l t age  s e t t i n g  a t  t he  

p o i n t  of maximum p h o t o v o l t a i c  a r r a y  output .  F u l l  d e t a i l s  of t he  PCU, c o n t r o l  

and swi tchgear  a r e  presented  i n  Sec t ion  3.2. 

The thermal  i n t e r f a c e  des ign  is even s imp le r  than the  e l e c t r i c a l  
. . 

i n t e r f a c e  des ign .  A s ing le -pas s ,  counterf low,  shell-and-tube h e a t  exchanger 

is  used t o  coo l  t he  g l y c o l  s o l u t i o n  'from the  c o l l e c t o r  a r r a y  by h e a t i n g  
. . 

b o i l e r  feedwater  a s  i t  f1ows"between t h e  condenser and b o i l e r  of t h e  s team 



Rankine c y c l e  power system w i t h i n  t h e  p l an t .  This  feedwater  flow r a t e  v a r i e s  

wi th  weather  cond i t i ons ,  s i n c e  the  primary ou tpu t  of t h e  Rankine cyc l e  

system is used t o  d r i v e  c e n t r i f u g a l  c h i l l e r s  f o r  meeting the  a i r - cond i t i on ing  

needs of t h e  t e rmina l s ,  h o t e l s ,  and o t h e r  f a c i l i t i e s  a t  DFW Airpor t .  However, 

t h e r e  is always enough feedwater  f low t o  absorb t h e  f u l l  s o l a r  system h e a t  

ou tpu t  wi thout  t he  feedwater  exceeding 20C°F (93%) a t  t h e  o u t l e t  of t he  h e a t  

exchanger. Typ ica l ly ,  t h e  feedwater  f l owra t e  is around 40,000 lbmlhr  

(18,000 kg/hr )  and can absorb t h e  f u l l  a r r a y  h e a t  ou tpu t  wi th  a  mere 12OF 

(7°C) t e q e r a t u r e  r i s e ,  a s  shown i n  F igure  2.1.1. The peak s o l a r  thermal  

L ou tpu t  w i l l  be  about  140 kw when the  i n s o l a t i o n  l e v e l  is 1 kw/m . I n  t h e  
t 

event  of a  feedwater  s toppage due t o  some p l a n t  f a i l u r e ,  a  t h e r m o s t a t i c a l l y  

c o n t r o l l e d  three-way va lve  w i l l  d i v e r t  t h e  g l y c o l  s o l u t i o n  flow. through an 

overtemperature h e a t  exchanger which is  cooled by water  from t h e  p l a n t  cool ing  , 

towers. This  w i l l  ' p r even t  a r r a y  overhea t ing  dur ing  such failure-mode per iods .  

I n  summary, t h e  proposed system 'is a s imple  t o t a l  energy system, 

wherein t h e  e l e c t r i c a l  ou tput  w i l l  be i n v e r t e d  and used t o  power a  cons tan t -  

load l i g h t i n g  system, wi th  r e c t i f i e d  l i n e ,  power supply ing  supplemental  energy,  

whi le  t h e  thermal  output  w i l 1 , b e  absorbed i n  t o t a l  by a low temperature 

feedwater  h e a t  s i n k .  I n  comparison t o  o t h e r  a p p l i c a t i o n s ,  t h i s  system 

o f f e r s  t h e  fo l lowing  important  advantages: 

This  system w i l l  f u l l y  u t i l i z e  both t h e  e l e c t r i c a l  and t h e  
thermal  ou tpu t s  of t h e  s o l a r  c o l l e c t o r s .  S ince  s i x  t imes 
more thermal energy than  e l e c t r i c a l  energy is produced, i h e  
economic va lue  of t h e  h e a t  i s  g r e a t e r  than  t h e  e l e c t r i c i t y ,  
and t h i s  h e a t  should n o t  be wasted. 

This  system i s  modular, w i th  t h e  b a s i c  S u i l d i n ~  b lock  being 
a s i n g l e  a r r a y  of 10 c o l l e c t o r  modules (240 f t 2  o r  22.3 m2 
of a p e r t u r e  pe r  10  module a r r a y ) .  The t e n  modules i n  each 



array are both wired and plumbed' in series to provide. th'e full 
voltage and temperature rises of the system. Thus, any 
number of arrays can be wired and plumbed together in parallel 
to provide any desired electrical/thermal output. While 
eleven such arrays have been selected for the present applica- 
tion to match the 25 kw load, the successful implementation 
of the current system will also prove the feasibility of this 
system concept for any other reasonable size load, since only 
the number of arrays will vary in other size systems. 

Both the thermal and electrical loads are continuous, twenty- 
four hours per day, seven days per week,'and both loads are 
always greater than or equal to the solar system ou tpu t s ,  
Therefore, neither thermal nor electrical storage will be 
required, and no solar-derived energy will be wasted. This 
represents an optimal load,  since i t  maximizes sys tern ef f i c . i e n C y  
while minimizing system cost. 

a The output thermal energy is useful at a very low temperature 
since the feedwater heat sink temperature is only 85-95'~ 
(29-35'C). This maximizes photovoltaic cell performance and 
collector thermal performance, since heat losses to the environ- 
ment at this low temperature are minimal. 

' a  The site is excellent in terms of maximal public exposure 
(10 million annual passengers), high insolation, a trained 
staff of plant operation/maintenance personnel, large expansion 
potential (18,000 acres), similarity to numerous central energy 
plants worldwide, and ease of access for visitors from any 
part of the world. 

a The system will be. the 'first to use the new high-ef ficiency , 
short FINumber, linear Fresnel .concentrator in a photovoltaic 
application. 

a 'The system will be ehe firsr: co use t h e  Eully ~ r a u s i s c u r i z e d ,  
high-efficiency PCU in a photovoltaic application, 



2.2 System Analysis 

2.2.1 E-Systems Novel Fresnel Lens Concentrator 

2.2.1.1 Background 

For the past two years, a major company-funded development effort 

has been underway at E-Systems with the objective of commercializing a unique 
- 

Fresnel lens solar concentrator. This new concentrator, fully-des-eribed in 
-- -. - . ~  - - 

U.S. Patent No. .4,069,812, utilizes a configuration which provides the highest 

possible transmittance achievable with a refractive prismatic lens con- 

centrator. Additionally, the new lens has a remarkable tolerance for aberra- 

tions and'errors which are present in all refractive concentrators. Because 

of this tolerance for errors, the new lens is'most amenable to low cost 

manufacturing methods such as extrusion/embossing, a process being perfected 

by E-Systems under Sandia Contract No. 13-23.59. The following paragraphs 

describe the new'concentrator and compare its performance to more conventional 

Fresnel lens devices. 

2.2.1.2 Fresnel Lens Comparisons 

Figure 2.2.1.1 shows schematically a Fresnel lens solar collector 

with several possible lens concentrators. Note that since all of these 

potential lenses have the same rim angle (0 . ) ,  the remainder of the collector max 

(receiver, housing, plumbing, etc.) is essentially the same regardless'of 

which lens is selected. Then how does one select which lens to use? The 

answer is, or course, to select the lens which performs the best, and this per- 

formance is measured -by two key parameters: transmittance and concentration 

ratio (aperture widthlreceiver width). The new lens under development by 

E-Systems is fully op timi'zed for maximal transmittance, as rigorous 1.y prn~ren 

in Reference 2 . This maximal transmittance 'is achieved through the use of 
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prisms each of which makes.equa1 inc idence  angles  w i t h  t h e  s o l a r  r ay  a t  bo th  

t h e  f r o n t . a n d  back pr i sm faces .  This  equa l  i nc idence  a n g l e  cond i t i on ,  com- 

b ined  w i t h  a d d i t i o n a l  requirements  f o r  zero shading and/or  b locking  w i t h i n  

o r  bemeen  prisms,  f u l l y  d e f i n e s  t h e  l e n s  con f igu ra t ion  f o r  maximal t r ans -  

mi t tance .  The r e s u l t a n t  l e n s  has  a  smooth convex o u t e r  s u r f a c e  forming a 

curve o f  decreas ing  r a d i a l  d i s t a n c e  wi th  i n c r e a s i n g  r i m  ang le ;  t h e  equi-  

inc idence  ang le  prisms a r e  formed on the  i n s i d e  concave s u r f a c e .  

The s u p e r i o r  t r ansmi t t ance  p r o p e r t i e s  of t h i s  new l e n s  a r e  

f u l l y  descr ibed  i n  Reference 2 and w i l l  n o t '  be repea ted  here .  However, 
t 

t h e  o t h e r  key performance index,  concen t r a t ion  r a t i o ,  re .quires  f u r t h e r  

d i scuss ion .  Note i n  F igure  2.2.1.1 t h a t  t he  i n c i d e n t  s u n l i g h t  i s  a l l  con- 

t a i n e d  w i t h i n  a  sma l l  cone of 0.53O: spread ang le ,  corresponding ,to t h e  

s o l a r  d i sk .  . However, a f t e r  r e f r a c t i o n  by a  prism, t h e  l eav ing  s u n l i g h t  is  

contained w i t h i n  a  l a r g e r  spread  angle ,  corresponding t o  not  on ly  t h e  sun ' s  

angu la r  s i z e ,  bu t  a l s o  e r r o r s  and d i spe r s ion .  Th i s  f i n a l  spread  ang le  (AYF) 

is  important  s i n c e  t h e  . r ece ive r  s i z e  must be l a r g e r  f o r  l a r g e r  s p r e a d ' a n g l e s ,  

i . e . ,  t h e  l a r g e r  A Y  t h e  sma l l e r  t h e  concen t r a t ion  r a t i o .  The spread  a n g l e  F ' 
may bc brolccn i n t o  i t s  components as: 

A Y  = 
F s o l a r  contour  + A Y p r i s m  + A Y d i s p e r s i o n  . + A Y  

d i s k  e r r o r s  ang le  
e r r o r s  

Fo r tuna te ly ,  t h e  transmittance-maximized l e n s  d i scussed  above a l s o  provides  

sma l l e r  spread  ang le s  due t o  s o l a r  d i s k  s i z e ,  contour  e r r o r s ,  pr ism angle  

e r r o r s  and d i s p e r s i o n  than  f o r  more convent iona l  l e n s  des igns .  For comparison, 

each of t h e s e  spread ang le s  has  been c a l c u l a t e d  f o r  t h r e e . ' d i f f e r e n t  l e n s  

des igns :  t h e  new l e n s ,  a f l a t  l e n s ,  and a  c i r c u l a r  a r c  l e n s  w i t h  i t s  c e n t e r  



a t  t h e  f o c a l  l i n e .  For a l l  t h r e e  l e n s e s ,  t h e  prisms a r e  on t h e  i n n e r  sur-  

f a c e  of t h e  l e n s  a n d  t h e  m a t e r i a l  is a c r y l i c  p l a s t i c .  

F igu re  2.2.1.2 p r e s e n t s  t h e  spread  ang le  component due t o  t h e  s o l a r  

d i s k  angu la r  d iameter  of 0.53 degrees.  The f l a t  l e n s  g r e a t l y  en l a rges  t h e  

sp read  a n g l e  over  t h e  i n c i d e n t  s o l a r  d i s k  ang le ,  e x p e c i a l l y  f o r  l a r g e  prism 

t u r n i n g  ang le s .  This  g r o s s  enlargement of t h e  sun ' s  image a t  l a r g e  t u n i n g  

a n g l e s  p rec ludes  the  use  of ' f l a t  l e n s e s  f o r  l a r g e  . r i m  ang le  concen t r a to r s ;  

t h u s ,  f l a t  l e n s e s  can only  be  used f o r  low r i m  ang le  ( long f o c a l  length)  

c o n c e n t r a t o r s .  T h e - c i r c u l a r  l e n s  spread  ang le  i s  b e t t e r ,  b u t  is  s t i l l  l a r g e  

a t  l a r g e  t u r n i n g  angles .  I n  c o n t r a s t ,  t he  new l e n s  spread  angle  is  i d e n t i c a l  

t o  t h e  i n c i d e n t  spread  ang le  of 0.53 degrees ,  r e g a r d l e s s  of pr ism t u n i n g  

angle .  A d d i t i o n a l l y ,  n o t e  t h a t  t h e  new l e n s  spread  angle  is much s m a l l e r  

than  f o r  e i t h e r  of t h e  o t h e r  l e n s e s ,  markedly s o  f o r  l a r g e  t u r n i n g  ang le s .  

F igu re  2.2.1.3 presencs c u w e s  of spread  ang le  due t o  a  l e n s  

contour  e r r o r  of 1 degree.  This error corresponds t o  a s lope  e r r o r  over  t h e  

l e n s  s u r f a c e  and is analogous t p  the s l o p e  e r r o r s  o f  rn.fl.ecti.1~6 c o n c a n t r t t o r s .  

S ince  F r e s n e l  l e n s e s  s u s t  be f ree-s tanding  over  most 'o f  t h e i r  s u r f a c e  a r e a s ,  

a s  opposed t o  r e f l e c t i v e  c o n c e n t r a t o r s  which can be r i g i d l y  supported over 

t h e i r  f u l l  s u r f a c e  a r e a , - s l o p e  e r r o r s  due t o  wind.and g r a v i t y  d e f l e c t i o n s  

w i l l  be  r e l a t i v e l y  l a r g e .  Such e r r o r s  badly spread  t h e  s u n l i g h t  f o r  both the  

f l a t  and c i r c u l a r  l e n s e s ,  b u t  have a  b a r e l y  n o t i c e a b l e  e f f e c t  on t h e  new l e n s .  

Th i s  i n s e n s i t i v i t y  t o  contour  e r r o r s  is  a d i r e c t  r e s u l t  of t he  equi- incidence 

a n g l e  pr isms comprising t h e  new l e n s .  A contour  e r r o r  causes a  s l i g h t  i n c r e a s e  

i n  one inc idence  ang le  which causes  a  corresponding dec rease  i n  t h e  o t h e r  

i nc idence  a n g l e ,  thereby n e t t i n g  a  very  s m a l l  e f f e c t .  (Although n o t  shown 

i n  F i g u r e  2.2.1.3, a  r e f l e c t i v e  concen t r a to f  would.have a  t o t a l  image spregd 

of 4 degrees  f o r  a  & 1 degree  s l o p e  e r r o r ,  r e g a r d l e s s  of t u rn ing  a n g l e ) .  
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Figure  2.2.1.4 p r e s e n t s  spread  ang le  due t o  pr ism ang le  e r r o r s .  

This  e r r o r  corresponds t o  t h e  a c t u a l  pr ism f a c e t  ang le s ,  and r e p r e s e n t s  a 

l e n s  manufacturing e r r o r .  Note t h a t  once a g a i n  t h e  new l e n s  is  s u p e r i o r  

t o  t h e  o t h e r  two l e n s e s ,  e s p e c i a l l y  f o r  l a r g e  t u r n i n g  angles .  

F igure  2.2.1.5 p r e s e n t s  angu la r  spread  due t o  d i s p e r s i o n ,  i . e . ,  

v a r i a t i o n  i n  index of r e f r a c t i o n  over  t h e  w a ~ e l e n g ~ h s  i n  t h e  s o l a r  spectrum. 

A nominal v a r i a t i o n  i n  index of r e f r a c t i o n  from 1.48 t o  1.50 was used t o  

prepare  t h e s e  curves ,  and corresponds approximately t o  a c r y l i c  p l a s t i c ' s  

d i s p e r s i o n  curve. Note t h a t  once aga in  t h e  new l e n s  shows s u p e r i o r i t y  t o  

t h e  o t h e r s .  

. Table 2.2.1.1 summarizes t h e  comparison f o r  two cases  o f ' p r a c t i c a l  

importance: r i m  ang le  va lues  of 27O and 45'. The former corresponds t o  an 

F/1.0 l e n s  i n  f l a t  form, and t h e  l a t t e r  t o  a n  Fl0.5 l e n s  i n  f l a t  form. 

(F/# is  ambiguous f o r  curved l e n s e s  s i n c e  f o c a l  l eng th  v a r i e s  a c r o s s  t h e  

l e n s ;  r i m  ang le  is  a more d e f i n i t i v e  parameter) .  . Note t h a t  f o r  t h e  27O 

r i m  ang le  case ,  t he  new l e n s  t o t a l  spread  ang le  ( A Y  ) i s  about  30% sma l l e r  F 

than  f o r  t h e  c i r c u l a r  l e n s ,  and about  60% sma l l e r  than  f o r  t h e  f l a t  l e n s .  

.S imi l a r ly ,  f o r  t h e  45' r i m  ang le  ca se ,  t he  new l e n s  spread  ang le  i s  about  

40% sma l l e r  than f o r  t h e  c j r c u l a r  l e n s ,  and t h e  f l a t  l e n s  w i l l  n o t  work 

a t  a l l  a t  t h i s  r i m  angle .  Thus, i n  terms of concen t r a t ion  r a t i o ,  w h i c h , i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  spread  ang le ,  t h e  new l e n s  is  s u b s t a n t i a l l y  s u p e r i o r  

t o  t h e  o t h e r  l c n s  designs.  

One a d d i t i o n a l  error to l e rance  employed i n  t he  new l e n s  des ign  is 

p i c t o r i a l l y  desc r ibed  i n  F igure  2.2.1.6. Low-cost manufac tu re .o f 'F re sne1  

l e n s e s  by methods such a s  t he  extrusion1embossing technique g e n e r a l l y  

r e s u l t s  i n  some rounding of t h e  prism peaks due t o  imperfec t  f i l l i n g  of t h e  

r o l l l d i e  and s u r f a c e  tension/memory e f f e c t s  w i t h i n  t h e  p l a s t i c  m a t e r i a l .  



FIGURE 2.2.7.4 ANGULAR IMAGE SPREAD DUE TO PRISM ANGLE ERRORS 

LOCAL f11I. ru4.1.11 .d ,,.. 
1 O t O ~ E t 1 l  

FIGURE 2.2 7.5 ANGULAR IMAGE SPREAD DUE TO DISPERSION 

LENS e 
SOLAR CQNTQUR PRlSMAPlGLE 

DISK ERRORS ERRORS DISPERSION A 4F 
TYPE MAX @ 0.53' @ * 1" @ 21/80 @ A n  = .02 (TOTAL) 

I FLAT 
27' 0.95' 1.7!i0 0.42' 1 .6Z0 4.74' 

FI1.0 CIRCULAR 27' 0.64' 0.40' 0.22' 1.340 260' 1 NEW 27' 0.53~ o.o1O aia" 1.16' 1.88' 

FLAT 45O WILL NOT WORK 

FlO.5 1 , U L A R 4 5 "  0.84' 1.16Q 0.48' 2.9!iQ 5.4j0 

45' . 0.53' 0.03' 0.30' 233' , 3.19' 

> 

TABLE 2.2.1.7 COMPARISON OF FRESNEL LENS CONCENTRATORS 
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Such peak rounding causes  d i r e c t ' l o s s e s  i n  t r ansmi t t ance  f o r  convent iona l  

F r e s n e l  l e n s e s ,  b u t  n o t  f o r  t h e  new l e n s  s i n c e  these  rounded peaks a r e  

overextended beyond the  l i g h t  pa th  through the  prism. Thus, w i t h  t h e  pr ism 

peak tucked o u t  o f  t h e  way of t h e  l i g h t  pass ing  through t h e  pr isms,  t h e  new 

l e n s  has  a h igh  t o l e r a n c e  f o r  bo th  peak rounding and bottom p r i sm f a c e  

a n g u l a r  mi s loca t ion .  I n  magnitude, t h i s  b l u n t  t i p  allowance is  g r e a t e s t  

f o r  the decpest  pr i sms  dear t h e  ex t remi ty  of t h e  l e n s ;  f o r  t he  outermost  

pr i sm of t h e  45 degree r i m  a n g l e  concen t r a to r ,  the b l u n t  t i p  ~pav b e  26% as 

wide a s  t h e  pr ism i t s e l f  w i t h  no o p t i c a l  l o s s .  

To summarize t h e  above d i  sclsssion and co~uperisons, t h e  new 

E-Systems F r e s n e l  l e n s  s o l a r  concen t r a to r  is f a r  s u p e r i o r  t o  convent iona l  

F r e s n e l  l e n s  devices  i n  t r ansmi t t ance ,  concentra.tion r a t i o ,  and t o l e r a n c e  

f o r  e r r o r s  and a b e r r a t i o n s .  The fo l lowing  s e c t i o n  summarizes the  e-xpected 

performance of the  new concen t r a to r .  ' ? 

2.2.1.3 E-Systems Concent ra tor  Performance S u m a x  

The F r e s n e l  c o n c e n t r a t o r  development program c u r r e n t l y  underway 

a t  E-Systems under company funding has  p r i m a r i l y  been d i r e c t e d  toward a s o l a r  

h e a r  c o l l e c t o r .  F igure  2.2.1.7 shows a schematic  of this p h o t o t h e m 1  device.  

Cost  minimiza t ion  s t u d i e s  have l e d  t o  th'e s e l e c t i o n  of a s h o r t . f o c a 1  l eng th  

(h igh  r i m  ang le )  concen t r a to r  of r e l a t i v e l y  large dimensibno. A thrcr I u o c  

(0 .91  m) a p e r t u r e  width,  45 r i m  augle ,  and e i g h t  f o o t  (2 .44  m) a p e r t u r e  

l e n g t h  have been s e l e c t e d  t o  provide  a compact, l igh t -weight ,  low-cost 

c o l l e c t o r  module. 

While t he  fundamental gene ra l i zed  des ign  of t h e  new F r e s n e l  l e n s  

is desc r ibed  i n  t he  p a t e n t  s p e c i f i c a t i o n ,  an  a d d i t i o n a l  important  



independent variable is the design index of refraction (%) for each prism 

in the lens. Since the solar spectrum extends over a broad range of wave- 

lengths (0.4 - 2 microns) and since acrylic plastic's index of refraction 
varies substantially over these wavelengths (1.51 - 1.48), the choice of 

nD greatly affects the resultant flux profile in the focal plane. While in 

the past a constant value of % has been utilized for all ~-rksms$i-na 

Fresnel lens, better results can be achieved by varying % from prism to 

prism. This allows the individual prism images to be superimposed in any 

desired manner to produce a desired result in the focal plane, in an 

analogous manner to adding terms in a Fourier series to produce a desired 

function. To evaluate this effect and to accurately determine flux profiles 

for the new lens, a detailed optical model has been developed at E-Systems 

for the concentrator. This model uses the method of cone optics, i.e., 

analytical tracing of finite conical bundles of rays originating across the . 

solar disc incident upon each point on the lens surface. This model treats 

each of the following: . 
Finite sun. 

8 Solar image displacement (dispersion) for each wavelength 
band in the .solar spectrum. 

~ransmittance variation with prism location. 

8 Actual prism angular errors of any type and distribution 
across lens. 

8 Any desired variation in %, including prism td prism 
variations. 

Any rim angle (F-Number), 

Basically the model determines the local f l u  (4 ) at any.location (x) in x 

the focal plane by performing'the.fol1owing triple integration: 



wherein 8 is local rim angle lens coordinate, . 

1 is local longitudinal lens coordinate, 
X is wavelength, 
r is transmittance (a function of 8 and X ) 
A. is solar image area in the focal plane (a function of 8), LmaRe 
is the incident radiant flux at wavelength X per unit wavelength, 

*aperture is aperture area. 

The integral is carried out for all wavelengths ( X) in the solar spectrum, 

and over all contributing portions (8, 1) 'of the lens which have refracted 

cones which overlap the point x in the focal plane. Results of this 

analysis are discussed in the following paragraph. 

. Figure 2.2.1.8 shows two possible flux profiles achievable with 

the new lens. The solid curve can be obtained by superimposing images 

from the individual prisms such that the individual image peaks are all 

coincident in the focal plane, thereby providing a maximal center-point. 

concentration. The dashed curve can be obtained by superimposing images 

from the individual prisms such that the greatest amount of energy is con- 

centrated within a region defined by (-0.02 5 5 2 + 0.02); this design 
W 

provides a maximum amount of energy interception at a concent$ation ratio 

of 50 for a rim angle of 45 degrees. (Higher concentration ratios are 

achievable with lower rim angles, but the resultant deeper collector modules 

would be heavier and more costly.) This nominal concentration ratio of 50 

was selected for the design configuration. 

While the lens currently being developed at E-Systems is 

opti-aized for concentration ratio of 50, errors due to manufacture, assembly, 



al ignment ,  t r a c k i n g ,  d r i v e ,  d e f l e c t i o n ,  e t c . ,  w i l l  lower t h i s  v a l u e  i n  p r a c t i c e .  

A d e t a i l e d  e r r o r  a n a l y s i s  h a s  been conducted @o d e f i n e  maximum expected 

v a l u e s  of a l l  e r r o r s  and t h e  r e s u l t a n t  e f f e c t  on a c h i e v a b l e  c o n c e n t r a t i o n  

r a t i o .  Table  2.2.1.2 summarizes t h i s  e r r o r  budget and p r e s e n t s  a c o n s e r v a t i v e  

e s t i m a t e  of a c h i e v a b l e  c o n c e n t r a t i o n .  The e f f e c t s  of pr ism a n g u l a r  e r r o r s ,  

l e n s  con tour ing  s l o p e  e r r o r s ,  and l e n s - r e c e i v e r  a l ignment  were c a l c u l a t e d  

from o p t i c a l  a n a l y s i s .  The module t r a c k i n g ,  d r i v e ,  s t r u c t u r e  and a l ignment  

e r r o r s  were c a l c u l a t e d  from elect ro-mechanical  and s t r u c t u r a l  a n a l y s e s .  

The l o n g i t u d i n a l  inc idence  e r r o r  occurs  because  of t h e  s imple  r o l l - t i l t  

t r a c k i n g  s t r a t e g y  employed (d i scussed  below) which main ta ins  a  ze ro  inc idence  

ang le  a c r o s s  t h e  p r i s m a t i c  l e n s  ( l a t e r a l l y )  b u t  n o t  a long  t h e  l i n e a r  lens . 

( l o n g i t u d i n a l l y ) .  T h i s  t r a c k i n g  scheme a l lows  t h e  l o n g i t u d i n a l  inc idence  

a n g l e  t o  va ry  from zero  t o  t e n  degrees  .on t h e  wors t  day ( s o l s t i c e )  of t h e  

y e a r ,  wi th  a  r e s u l t a n t  image displacement  due t o  f o c a l  l e n g t h  f o r e s h o r t e n i n g .  

Note t h a t  t h e  RSS t o t a l  of a l l  e r r o r s  is only  * 0.180" (0.46 cm) a  reasonab le  

v a l u e  f o r  a  36" (91 cm) a p e r t u r e  width  l e n s .  Due t o  t h e  Gaussian shape of 

t h e  l e n s  f l u x  p r o f i l e  (F igure  2 .2 .1 .8 ) ,  t h e  s o l a r  image width  may b e  a r t i t r a r i l y  

d e f i n e d  a s  t h a t  width  c o n t a i n i n g  a  c e r t a i n  pe rcen tage  of t r a n s m i t t e d  s u n l i g h t .  

For 95% of t h e  t r a n s m i t t e d  energy,  t h i s  width  is  1.08" (2.74 cm). Thus, t h e  

r e q u i r e d  r e c e i v e r  width  must e q u a l  t h i s  image width  p l u s  t h e  displacement  e r r o r  

i n  b o t h  d i r e c t i o n s ,  o r  1.44" (3.66 cm). T h e r e f o r e ,  a  n e t  c o n c e n t r a t i o n  r a t i o  -.- 

of 25 should be r e a d i l y  achieved i n  p r a c t i c e .  

I n  a d d i t i o n  t o  c o n c e n t r a t i o n  r a t i o ,  t h e  o t h e r  key parameter  of 

l e n s  performance i s  t r a n s m i t t a n c e .  A s  mentioned p r e v i o u s l y ,  t h e  new l e n s  

p rov ides  a  maximal t r a n s m i t t a n c e .  Even f o r  t h e  s h o r t  f o c a l  l e n g t h  l e n s  

under c o n s i d e r a t i o n  (wi th  a  45' r i m  a n g l e ) ,  t h e  average s l n g l e - s u r f a c e  



. 
TABLE 2.2.1.2 - ERROR BUDGET/CONCENTRATION RATIO 

ERROR TYPE 

Prism Angles 

MAX. EXPECTED 
VALUE IMAGE DISPLACEMENT 

2 0.125" - 0.095" (f 0.241 cm) 

1.00" Lens Contour f 0.012" .(f 0.030 cm) 

LensIReceiver Alignment 
u + 0.0l0" 

- .  + 0.010" (k 0.025 cm). - 
 racking Controller + 0.05" - + - 0.031" (f 0.079 cm) 
Drive/Linkage + 0.05" - + 0.031" (t 0.079 cm) - 
S tstic t u i d  Deflec t l u u  =I= 0.89~ - - + C J . U Y ~ "  if u.u79 cm) 
Module Ali,onment + 0.05" - + - 0.031" (+ 0.079 cm) 

Longitudinal Incidence 10.0" + 0.139" (+ 0.353 cm) - 

i TOTAL PROBABLE IMAGE DISPLACEMENT (RSS TOTAL) + 0.180" (f 0.457 cm) - 
e SOLAR IMAGE WIDTH CONTAINING 95% OF TRANSMITTED SUNLIGHT = 1.08'' (2.743 cm) 

REQUIRED RECEIVER WIDTH = 1.08'' + 2 (0.180") = 1.44" (3.66 cm) 

CONC~TRATION RATIO = 36"/1.44." = 25 

TABLE 2.2.1.3 - LENS TRANSMITTANCE 

LOSS TYPE FRACTION OF 'INCIDENT SUNLIGHT LOST 

FKUN'I' SUKFACE REFLECTION 4.3% 

ABSOIIPTION/SCATTERING 2.02 

BACK SURFACE REFLECTION 4.0% 

nux PROFILE TRUNCATION* 4.5% 

TOTAL LOSSES 14.8% 

Net Transmittance = 85.2% 

* Undersizing the receiver width such that the low flux tail of the flux profile 
curve is not intercepted. 



reflectance loss for all prisms in the lens is only 4.3%, compared to 3.9% 

for a flat sheet of acrylic. However, other transmittance losses include 

.absorption/scattering within the acrylic, and cutting off the low flux 

"tail" of the focal plane flux profile. All losses are summarized in Table 

2.2.1.3. Note that a net transmittance of more than 85% will be achieved. 

In summary, the concentrator will provide a concentration ratio 

of 25 and a net transmittance of 85%. Empirical verification of these 
* 

performance parameters is fully described in Section 3.1.' 



.2 .2 .2  P h o t o v o l t a i c  Rece iver  Module 

The p h o t o v o l t a i c  r e c e i v e r  module is shown s c h e m a t i c a l l y  i n  F igure  

2.2.2.1. It c o n s i s t s  of a  s e r i e s  s t r i n g  of 53 p h o t o v o l t a i c  c e l l s  mounted on-an 

e i g h t  f o o t  ( 2 4 4  cm) long a c t i v e l y  cooled copper h e a t  s i n k .  The fo l lowing  

paragraphs  d e s c r i b e  t h e  p h o t o v o l t a i c  c e l l s  and t h e  f i n l t u b e  h e a t  s i n k  

and t h e  a n a l y s i s  which determined t h e  f i n a l  d e s i g n  s e l e c t i o n .  

2 .2 .2 .1  P h o t o v o l t a i c  C e l l  

The p h o t o v o l t a i c  c e l l s  des igned by OCLI f o r  t h e  DEW a p p l i c a t i o n  

a r e  s i n g l e  c r y s t a l  s i l i c o n  c e l l s  des igned s p e c i f i c a l l y  f o r  concen t ra ted  

s u n l i g h t  i n p u t .  For  t h e  proposed a p p l i c a t i o n ,  each c e l l  is 1 . 4 4 i n c h e s  (3.66 

cm) a c t i v e  width by 1.78 i n c h e s  (4.52 cm) long by 0.014 i n c h e s  (0.036 cm) 

t h i c k .  Details of t h e  methods used i n  des ign ing ,  op t imiz ing  and manufacturing 

t h e s e  c e l l s  a r e  f u l l y  d e s c r i b e d  i n  Reference 3.  . . 

Sarldia L a b o r a t o r i e s  (Keference 3 )  h a s  exper imenta l ly  

determined t h e  performance of s i m i l a r  OCLI p h o t o v o l t a i c  c e l l s  under a c t u a l  

c o n c e n t r a t e d  s u n l i g h ~  F i g u r e s  2.2.2.2 and 2 . 2 . 2 . 3  p r e s e n t  t h e  r e s u l t s  of t h e s e  

measurements i n  terms of convers ion  e f f i c i e n c y  a s  a f u n c t i o n  of c o n c e n t r a t i o n  

and c e l l  c e a p e r a t u r e .  Of s p e c i a l  importance i n  t h e  proposed a p p l i c a t i o n  is 

t h e  p o i n t  shown on F i g u r e  2 .2 .2 .2  a t  55OC (1310F) and 21.25 suns  (0 .85 x 25 s u n s ) ,  

s i n c e  t h i s  corresponds t o  t h e  nominal o p e r a t i n g  c o n d i t i o n s  expected f o r  the  

DFW i n s t a l l a t i o n .  The convers ion  e f f i c i e n c y  a t  t h i s  o p e r a t i n g  p o i n t  i s  

13.4%. A d d i t i o n a l l y ,  OCLI h a s  e s t i m a t e d  t h e  absorp tance  of t h e  c e l l s  t o  be  

approx imate ly  85% of t h e  i n c i d e n t  c o n c e n t r a t e d  s u n l i g h t .  These d a t a  were 

f u r t h e r  s u b s t a n t i a t e d  by E-Systems' p r o t o t y p e  t e s t  program d e s c r i b e d  i n  

d e t a i l  i n  S e c t i o n  3.1. The e f f i c i e n c y  v e r s u s  t empera tu re  p r o f i l e  ob ta ined  i n  
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t h e  p r o t o t y p e  t e s t s  performed under a v a r i e t y  of o p e r a t i n g  c o n d i t i o n s  show 

e x c e l l e n t  c o r r e l a t i o n  w i t h  t h e  curve shown i n  F i g u r e  2.2.2.3. 

For t h e  sys tem s i m u l a t i o n  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n  2.2.6,  

t h e  c e l l  performance was modeled a s  fo.llows: 

e The i n c i d e n t  r a d i a n t  f l u x  o n . t h e  c e l l s  was determined.  

e The average c e l l  temperature  f o r  t h e  c e l l  s t r i n g  on t h e  r e c e i v e r  
w a s  determined.  

The c e l l  s t r i n g  efficiency vas calculaeed from ehe daca of 
F i g u r e s  2.2.2.2 and 2.2.2.3, based upon t h e  average temperature  
and f l u x  level d e f i n e d  above. 

An e l e c t r i c  c i r c u i t  a n a l y s i s  of s e r i e s  - connected c e l l s  w a s  

performed and proved t h a t  t h e  o v e r a l l  e f f i c i e n c y  corresponds t o  t h e  average 

t empera tu re  of t h e  c e l l s  i n  t h e  s t r i n g .  

2.2.2.2 P h o t o v o l t a i c  ~ e c e i v i r  ThermalIFluid  Ana lys i s  

The f i n l t u b e  h e a t  s i n k ,  shown s c h e m a t i c a l l y  Fn F igure  2 .2 .2 .1  

s e r v e s  t o  a c t i v e l y  c o o l  t h e  p h o t o v o l t a i c  c e l l s  by t r a n s f e r r i n g  t h e  thermal  

energy  produced i n  t h e  c e l l  assembly by t h e  i n c i d e n t  concen t ra ted  s o l a r  f l u x  - 
t o  a  c o o l a n t  f l u i d  which c i r c u l a t e s  through t h e  r e c e i v e r  module. Optimal 

d e s i g n  of t h e  h e a t  s i n k  n o t  o n l y  i n c r e a s e s  thermal performance b u t  a l s o  i n c r e a s e s  

e l e c t r i c a l  performance s i n c e  t h e  c e l l  convers ion e f f i c i e n c y  i n c r e a s e s  w i t h  

d e c r e a s i n g  c e l l  t empera tu re .  I n  t h e  fo l lowing  paragraphs  t h e  r a t i o n a l e  f o r  

s e l e c t i n g  copper a s  t h e  h e a t  s i n k  m a t e r i a l  i s  g iven ,  t h e  a n a l y s i s  coaducred 

t o  s e l e c t  t h e  d e s i g n  f i n  t h i c k n e s s  and t h e  diameter  o t  t h e  cod lanr  tube IS 

d i s c u s s e d  and t h e  o v e r a l l  t empera tu re  d i s t r i b u t i o n  through t h e  p h o t o v o l t a i c  

r e c e i v e r  module is presen ted .  

Copper was s e l e c t e d  as t h e  base  m a t e r i a l  f o r  t h e  f i n l t u b e  h e a t  

s i n k  i n s t e a d  of aluminum based on t h e  fo l lowing  considera_t ions:  

Copper h a s  a  thermal  c o n d u c t i v i t y  a  f a c t o r  of two l a r g e r  than  
aluminum. An aluminum h e a t  s i n k  w i t h  t h e  same thermal  p e r f o r -  



, mance a s  a copper h e a t  s i n k  would be twice  a s  t h i c k .  S ince  t h e  
c o s t  of copper  is approximately  twice  t h e  c o s t  of aluminum and 
twice  a s  much aluminum is  r e q u i r e d , t h e  t o t a l  m a t e r i a l  c o s t  
would be  approximately  equa l .  

8 An a l l - c o p p e r  f l u i d  c i r c u l a t i o n  loop w i l l  be  used t o  minimize 
c o r r o s i o n .  I n  c o n t r a s t ,  s o l a r  energy systems w i t h  water-solu- 
t ion-cooled r e c e i v e r s  and a b s o r b e r s  made of aluminum have h i s -  
t o r i c a l l y  performed poor ly  under a c t u a l  f i e l d  o p e r a t i n g  condi- 
t i o n s  due t o  l e a k s  and c o r r o s i o n  problems. 

Copper o f f e r s  s u p e r i o r i t y  i n  f a b r i c a b i l i t y ,  s i n c e  i t  can be  
s o l d e r e d  and b razed ,  i t  req.ui res  s t a n d a r d  f i t t i n g s ,  and a l l  
plumbing . c o n t r a c t o r s  a r e  f a m i l i a r  w i t h  i t s  use .  

Enhanced performance of t h e  p h o t o v o l t a i c  r e c e i v e r  module r e q u i r e s  

minimizat ion of t h e  temperature  d i f f e r e n t i a l  between t h e  p h o t o v o l t a i c  c e l l s  

and t h e  c o o l a n t  f l u i d .  I n  t h e  fo l lowing  paragraphs  t h r e e  d i s t i n c t  temperature  

~ r a d i e n t s  a r e  d i s c u s s e d ,  l e a d i n g  t o  t h e  s e l e c t i o n  of t h e  f i n  thicicness 

and tube diameter .  They a r e :  

The g r a d i e n t  between t h e  average c e l l  temperature  and average 
f i n  temperature ,  

. a  The g r a d i e n t  between t h e  average  f i n  t empera tu re  and f i n  b a s e  
temperature  ( d i r e c t l y  above t h e  t u b e ) ,  

The g r a d i e n t  between t h e  f i n  base  temperature  and t h e  c o o l a n t  
f l u i d  temperature .  

I n  t h e  a n a l y s i s  and des ign  of t h e  p h o t o v o l t a i c  c e l l  s t a c k  OCLI 

s e l e c t e d  m a t e r i a l s  w i t h  good thermal  p r o p e r t i e s  ( i . e . ,  thermal  c o n d u c t i v i t i e s ,  

e t c . )  over  m a t e r i a l s  wi th  l e s s e r  thermal  p r o p e r t i e s  t o  main ta in  a s  smal l  

a temperature  d i f f e r e n t i a l  through t h e  c e l l  s t a c k  a s  p o s s i b l e .  For a sys tem 

o p e r a t i n g  a t  a n e t  c o n c e n t r a t i o n  r a t i o  of 21.25 suns  and a c e l l  temperature  

of 55OC (131°F) OCLI h a s  determined t h a t  t h e  t empera tu re  g r a d i e n t  between . 

t h e  c e l l  and f i n  is l e s s  than  Z°C (3.6OF). 

Thermal a n a l y s i s  and f l u i d  mechanical  a n a l y s i s  of t h e  copper 

f i n / t u b e  h e a t  s i n k  were performed independen t ly  of t h e  c e l l  s t a c k  t o  d e t e r -  . .  

mine t h e  f i n  t h i c k n e s s  and tube . . diamete r  which reduces  t h e  t empera tu re  g r a d i e n t  

a long  the, f i n .  a n d .  t h e  g r a d i e n t  between t h e  f i n  b a s e  and t h e  f l u i d  t o  an  

a c c e p t a b l e  va lue .  To uncouple t h e  c e l l  s t a c k  thermal  a n a l y s i s  -from t h e  



f i n / t u b e  a n a l y s i s  t h e  a c t u a l  f l u x  p r o f i l e  (F igure  2.2.1.8,  S e c t i o n  2.2.1) 

i n c i d e n t  on t h e  c e l l  s t a c k  w a s  reduced a p p r o p r i a t e l y  t o  account  f o r :  l e n s  

t r a n s m i t t a n c e  l o s s e s  (r = 0.851, c e l l  absorp tance  (a = 0 .85) ,  and energy 

conver ted  t o  DC e l e c t r i c i t y  ( n  = 0.134) .  Nominal v a l u e s  f o r  t h e s e  q u a n t i t i e s  

8 
a r e  l i s t e d  i n  p a r e n t h e s i s .  Once t h e  f i n / t u b e  h e a t  t r a n s f e r  r a t e s  and tempera- 

t u r e s  were o b t a i n e d  from t h e  a n a l y s i s , t h e  t empera tu res  and h e a t  t r a n s f e r  

r a t e s  were c a l c u l a t e d  f o r  t h e  c e l l  s t a c k  by assuming one-dimensional conduction.  

The thermal  model t r e a t s  two-dimensional conduct ion w i t h i n  t h e  

copper  f i n / t u b e  h e a t  s i n k ,  thermal l o s s e s  from t h e  f i n  s u r f a c e ,  and convect ion 

between t h e  tube w a l l  and c o o l a n t  f l u i d .  The f l u i d  mechanical  model t r e a t s  

p r e s s u r e  d rops  i n  t h e  r e d e i v e r  tube,  i n t e r c o n n e c t  p i p i n g  and minor l o s s e s  t o  

d e f i n e  pumping power requ i rements .  A computer code c o n t a i n i n g  both  thermal 

and f l u i d  models was developed and t r a d e o f f  s t u d i e s  were conducted f o r  v a r i o u s  

f i n  t h i c k n e s s e s ,  tube d iamete r s  and c o o l a n t  f l u i d s .  Water, e t h y l e n e  g l y c o l  

and s e v e r a l  h e a t  t r a n s f e r  f l u i d s  ( C a l o r i a  HT-43, Therminol , Dowtherm) were 

cons idered  a s  c o o l a n t  fluids. A 302 e t h y l e n e  glycol /waker  ~ o l u t i o n  w a s  

s e l e c t e d  due t o  i ts  good h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  low pumping power 

r e q u i r e m e n t s  and f r e e z e  p r o t e c t i o n .  

The r e s u l t s  of  t h e  a n a l y s i s  used t o  determine t h e  des ign  f i n  

t h i c k n e s s  a r e  p resen ted  i n  F igure  2 .2 .2 .4 .  A s  shown, t h e  d i f f e r e n c e  

between t h e  i n t e g r a t e d  average f i n  temperature  (T ) and t h e  f i n  b a s e  
f inavg 

t empera tu re  (T ) d e c r e a s e s  w i t h  i n c r e a s i n g  f i n  t h i c k n e s s .  A 0.125 i n .  
inbase 

(0.318 cm) f i n  t h i c k n e s s  w i t h  t h e  corresponding 2 ' ~  (1 .  l°C) t empera tu re  

g r a d i e n t  w a s  s e l e c t e d  because  a t  t h i s  p o i n t  on t h e  curve  f u r t h e r  i n c r e a s e s  

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

F i g u r e s  2.3.. 2.5 and 2.2.2.6 show t h e  e f f e c t s  of tube  diameter  

and mass f low r a t e  on c e l l  o u t p u t  power and pumping power r e s p e c t i v e l y .  

C e l l  o u t p u t  power is  d e f i n e d  a s  t h e  product  of t h e  l e n s  t r a n s m i t t a n c e ,  

t h e  c e l l  convers ion  e f f i c i e n c y  and t h e  d i r e c t  normal i n s o l a t i o n .  For low 

23 
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mass f low r a t e s  t h e  c e l l  o p e r a t e s  a t  a  h i g h e r  temperature  because of poor con- 

v e c t i o n  w i t h i n  t h e  t u b e ,  which r e s u l t s  i n  a  r e d u c t i o n  i n  c e l l  o u t p u t  power. 

Pumping power i n c r e a s e s  w i t h  i n c r e a s i n g  mass f low r a t e  and i n c r e a s e s  wi th  de- 

c r e a s i n g  t u b e  d iamete r .  A s  shown i n  F igure  2.2.2.6 small tube d iamete r s  and 

l a r g e  f low r a t e s  r e s u l t  i n  a c o s t l y  pumping power p e n a l t y .  By d e f i n i n g  a  n e t  

o u t p u t  power a s  t h e  d i f f e r e n c e  between t h e  c e l l  o u t p u t  power and pumping power 

and p l o t t i n g  t h e s e  r e s u l t s  a s  f u n c t i o n s  of tube d iamete r  and flow r a t e  ( a s  

shown i n  F i g u r e  2.2.2.7 ) ,. d e t e r m i n a t i o n  of t h e  f i n a l  des ign  tube d iamete r  i s  

p o s s i b l e .  A 0.63 i n .  (1.65 cm) d iamete r  copper tube was s e l e c t e d  t o  p rov ide  a  

maximal n e t  output .power o~rc - r  a wide rangc of a l l g w a b l e  f luw.r;rizes.  TRP f i n a l  
, - 

r e c e i v e r  d e s i g n  s e l e c t e d  is shown s c h e m a t i c a l l y  i n  F igure  2.2.2.8.  

The temperature  d i s t r i b u t i o n  through t h e  p h o t o v o l t a i c  r e c e i v e r  

module, t h e  h e a t  t r a n s f e r  r a t e s  and t h e  e l e c t r i c a l  power ou tpu t  r a t e  a r e  

shown i n  ,Figure 2.2.2.9 f o r  a  0.65 i n .  (1.65 cm) tube diameter  and a  0.125 i n .  

(0.318 cm) f i n  t h i c k n e s s .  For t h e  c o n d i t i o n s  l i s t e d ,  t h e  c e l l  which is a t  

131°F (55°C) is approximately  17OF (9.4OC) above t h e  f l u i d  temperature .  The 

c e l l  t o  f l u i d  t empera tu re  d i f f e r e n t i a l  as 3. f u n c t i o n  of f low r a t e  f o r  v a r i n u s  

l e v e l s  of d i r e c t  normal i n s o l a t i o n  is  p r e s e n t e d  i n  F igure  2.2.2.10. 
I .  

I n  summary, t h e  f i n a l  des ign  of t h e  p h o t o v o l t a i c  r e c e i v e r  module 

i n c l u d e s  a  0 .65  in .  (1.65 cm) d iamete r  copper tube mountcd t o  a  0.125 i n .  

(0.318 cm) t h i c k  copper f i n .  A 30% e t h y l e n e  g l y c o l / w a t e r  s o l u t i o n  is t h e  

c o o l a n t  , f l u i d .  The the rmal  and f l u i d  mechanical  model of t h e  p h o t o v o l t a i c  

r e c e i v e r  module a s  d e s c r i b e d  h e r e i n  is i n c o r p o r a t e d  i n t o  t h e  t o t a l  system 

s i m u l a t i o n  a n a l y s i s  d i s c u s s e d  i n  S e c t i o n  2 .2 .6 . .  
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2.2.3 F r e s n e l / P h o t o v o l t a i c  C o l l e c t o r  

2 .2 .3 .1  Tracking System Analys i s  

As previo;sly d i s c u s s e d ,  t e n  c o l l e c t o r  modules a r e  mounted i n  a  

common s u p p o r t  frame and a r e  l i n k e d  t o g e t h e r  v i a  t h e  r o l l - a x i s  d r i v e  sys tem 

t o  a c t i v e l y  f o l l o w  t h e  s u n ' s  d i u r n a l  motion. A d d i t i o n a l l y ,  t h e  frame t i l t  

a n g l e  toward t h e  s o u t h  is a d j u s t e d  every  few days v i a  t h e  t i l t - a x i s  d r i v e  

sys tem t o  minimize t h e  e f f e c t  of t h e  s u n ' s  d e c l i n a t i o n  a n g l e  v a r i a t i o n  

through t h e  y e a r .  T h i s  approach t o  t r a c k i n g  h a s  been s e l e c t e d  f o r  t h e  new 

F r e s n e l  c o l l e c t o r  f o r  t h e  fo l lowing  reasons:  

S i n g l e  a x i s  t r a c k i n g ,  i . e . ,  po la r -ax i s  t r a c k i n g ,  r e s u l t s  In 
a l a r g e  d e t e r i o r a t i o n  i n  l e n s  image q u a l i t y  due t o  a fo re -  
s h o r t e n i n g  of t h e  l e n s  f o c a l  l e n g t h  w i t h  l o n g i t u d i n a l  inc idence  
angles uC f 23 .5O . 
F u l l  two-axis t r a c k i i g  is expensive  i n  terms of t r a v e l  limits; 
ground o r  deck i n t e r f a c e s ,  d r i v e  sys tem complexi ty ,  e t c .  

'The r o l l / t i l t  sys tem main ta ins  i n c i d e n c e  a n g l e s  a t  e s s e n t i a l l y  
- z e r o  i n  t h e  r o l l  d i r e c t i o n  and l e s s  than 10 degrees  i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n ,  thereby m a i n t a a i n g  an e x c e l l e n t  image 
q u a l i t y ,  w i t h  no cont inuous  t i l t  a n g l e  t r a c k i n g .  

The r o l l / t i . l t  sys tem ach ieves  an  axinual t r a c k i n g  e f f i c i e n c y  
of about  902, a v a l u e  which would be  d i f f i c u l t  t o  excced w i t h  
f u l l .  two-axis t r a c k i n g .  

Thus, t h e  r o l l - t i l t  s t r a t e g y  p rov ides  t h e  o p t i c a l  and t r a c k i n g  b e n e f i t s  of 

f u l l  two-axis t r a c k i n g ,  w i t h  l e s s  complexity and lower c o s t .  

The proposed system w i l l  r e q u i r e  t i l t  a n g l e  adjus tment  every few 

days  t o  fo l low t h e  curve  of F i g u r e  2.2.3.1.  T h i s  t i l t  a n g l e  v a r i a t i o n  w i l l  

p r o v i d e  t h e  t r a c k i n g  performance summarized i n  F igure  2.2.3.2.  The l o n g i t u d i n a l  

a n g l e  of i n c i d e n c e  w i l l  remain a t  00 f 100 f o r  t h e  f u l l  o p e r a t i o n a l  day 

(9-10 ' h o u r s )  year-round. On t h e  equinoxes ,  t h e  l o n g i t u d i n a l  i n c i d e n c e  a n g l e  

is  ze ro  a l l  day. On t h e  s o l s t i c e s ,  i t  v a r i e s  from l e s s  than  8' ( a b s o l u t e  . . 

v a l u e )  a t  noon t o  10' ( a b s o l u t e  v a l u e )  a t  4 hours  40 minutes  e i t h e r  s i d e  of 
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noon. On an annua l  b a s i s ,  t h e  average inc idence  a n g l e  i s  l e s s  than 4O ( a b s o l u t e  

v a l u e ) .  Thus, on an annua l  b a s i s ,  t h e  c o s i n e  l o s s  is n e g l i g i b l e  and t h e  r e c e i v e r  

shaded l e n g t h  due t o  t h e  end p l a t e  of t h e ' t r o u g h  is on ly  about  1% of t h e  f u l l  

r e c e i v e r  l e n g t h .  Note i n  F i g u r e  2.2.3.2 t h a t  t h e  s e l e c t e d  t i l t  a n g l e  v a r i a t i o n  

through t h e  y e a r  ( F i g u r e  2.2.3.1) p rov ides  f o r  a ze ro  i n c i d e n c e  a n g l e  a t  9  am 

nnd 3 pm year-round. This time was s e l e c t e d  t o  ba lance  t h e . p l u s  and minus 

i n c i d e n c e  a n g l e s  a t  noon and e a r l y l l a t e  i n  t h e  day,  t o  m a i n t a i n  t h e  a b s o l u t e  

v a l u e  of t h e  i n c i d e n c e  a n g l e  as s m a l l  as p o s s i b l e  on average through t h e  day. 

The r a t e  of r o l l  a n g l e  motion is  n o t  c o n s t a n t  dur ing  t h e  day,  

e x c e p t  a t  equinox, a s  shown i n  F i g u r e  2 . 2 . 3 . 3 .  T l ~ u s ,  s c lock  drive r?rfll nnt 

work f o r  t h e  r o l l  motion; a n  a c t i v e ,  sun-seeking system is  r e q u i r e d ,  a s  

d e s c r i b e d  i n  S e c t i o n  3.3. 

Tradeoff  s t u d i e s  have been conducted t o  determine t h e  op t imal  

module-to-module s p a c i n g  and r o l l  a x i s  t r a v e l  limits. F igure  2.2.3.4 p r e s e n t s  

t h e  r e s u l t e  'of t h e s e  t r a d e ~ f f s  i n  terms of an  annual  average t r a c k i n g  e f f i c i e n c y .  

A s  one would e x p e c t ,  t h e  c l o s e r  t h e  module spac ing ,  t h e  g r e a t e r  t h e  annua l  

shad ing  l o s s  and t h e  lower t h e  t r a c k i n g  e f f i c i e n c y .  S i m i l a r l y ,  t h e  r o l l  

a n g l e  travel l i m i t  ( A  ) reduces  sky coverage and the reby  lowers t r a c k i n g  
max 

c f f i c i c n c y .  To a r h i e v e  100% t r a c k i n g  e f f i c i e n c y ,  an i n f i n i t e  spac ing  and 

f u l l  (90') r o l l  a x i s  motion would b e  r e q u i r e d .  The s e l e c t e d  d e s i g n ,  based 

upon cos  t /performance c o n s i d e r a t i u u s ,  is  shown on Etgure  2.2.3.4.    hi's des ign  

u s e s  c l o s e l y  spaced modules  (5 f e e t  (1.52 mete r s )  cen te r - to -cen te r  spac ing  

f o r  3 f e e t  (0 .91 meter)  a p e r t u r e j w i d t h )  t o  minimize suppor t  frame s i z e  and 

c o s t .  Also,  i t  u t i l i z e s  r o l l  a n g l e  t r a v e l  limits of f 75' t o  d n i m i z e  

i n t e r f e r e n c e  problems and d r i v e  sys tem t r a v e l ,  the reby  minimizing c o s t .  
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Even w i t h  t h i s  c l o s e  spac ing  and r e s t r i c t e d  r o l l  t r a v e l ,  t h e  annual  t r a c k i n g  

e f f i c i e n c y  is  a  r e s p e c t a b l e  90%. For t h i s  s e l e c t e d  spac ing ,  F igure  2 . 2 . 3 . 5  

summarizes t h e  module-to-module shading l o s s  a s  a  f u n c t i o n  of r o l l  angle .  

Note t h a t  a t  t h e  cut-off  r o l l  a n g l e  (7P), t h e  modules a r e  about  60% shaded 

o r  40% unshaded. 

For t h e  selecred module s p a c i n g  and r o l l  travel l i m i t s ,  t h e  i.n- 

s t a n t a n e o u s  t r a c k i n g  e f f i c i e n c y  c a l c u l a t i o n  w a s  inc luded  i n  t h e  system simu- 

l a t i o n  program d e s c r i b e d  i n  S e c t i o n  2.2 .6 .  
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2.2.3.2 C o l l e c t o r  Performance Ana lys i s  

F igure  2.2.3.6 p r e s e n t s  t h e  i n s t a n t a n e o u s  c o l l e c t o r  performance n e a r  

s o l a r  noon from i n c i d e n t  s u n l i g h t  t o  ou tpu t  thermal  and e l e c t r i c a l  energy.  The 

e q u a t i o n  f o r  t h e  e l e c t r i c a l  power ou tpu t  p e r  u n i t  a p e r t u r e  a r e a  i s :  

where & = e l e c t r i c a l  power o u t p u t  p e r  u n i t  a p e r t u r e  a r e a ;  Eo= e l e c t r i c a l  power 
0 

o u t p u t ;  A = a p e r t u r e  a r e a ;  r = l e n s  t r a n s m i t t a n c e ;  I = d i r e c t  n o r e l  i n so l ae ion  a p e r  dn 

= p h o t o v o l t a i c  c e i l  convers ion  e f f i c i e n c y .  f l u x ;  neell 

The o v e r a l l  c o l l e c t o r  s o l a r  t o  e l e c t r i c a l  e f f i c i e n c y  is  thus: 

. . -  
A s  d i s c u s s e d  i n  S e c t i o n s  2 .2 .1  and 2 .2 .2 ,  t h e  l e n s  t r a n s m i t t a n c e  i.s,85&,md 

t h e  c e l l  e f f i c i e n c y  f o r  55OC.and 21.25 suns  ( .85 x 25 suns )  is 13.4%. There fore ,  

e  
= L1.47:, a s  shown i n  F i g u r e  2 .2 .3 .6 .  

The the rmal  power ou tpu t  p e r  u n i t  a p e r t u r e  a r e a  is: 

where 4 = thermal  power o u t p u t  p e r  u n i t  a p e r t u r e  a r e a ;  Q = thermal  power o u t p u t ;  
0 0 

'ape r = a p e r t u r e  a r e a ;  r = l e n s  t r ansmi t t a i i ee ;  a = c e l l / r e c r l v e r  a l s u ~ p t d ~ i i e ;  

= d i r e c t  normal i n s o l a t i o n  f l u x ;  'dn i l loss  
= thermal  l o s s  r a t e  p e r  u n i t  a p e r t u r e  

a r e a  due t o  convec t ion ,  conduc t ion ,  and r a d i a t i o n  from r e c e i v e r .  t o  environment;  

6 = e l e c t r i c a i  power o u e p ~ c  per u n i ~  a p e r t u r e  area. 
0 

The o v e r a l l  c o l l e c t o r  s o l a r  t o  thermal  e f f i c i e n c y  i s  thus :  

A s  p r e v i o u s l y  mentioned, r = 85% and n e  = 11.4%. Conductive,  convec t ive  and 

r a d i a t i v e  the rmal  l o s s e s  a s  d i s c u s s e d  i n  S e c t i o n  2 . 2 . ' ~ .  2  a r e  2.2% of t h e  i n c i d e n t  

d i r e c t  normal i n s o l a t i o n .  The absorp tance  o f  t h e  c e l l / r e c e i v e r  module i s  e s t i m a t e d  

4 0 



by OCLI t o  be  85%. There fore ,  rlt = 58.6%. 

I n  summary, t h e  c o l l e c t o r  w i l l  conver t  58.6% of t h e  i n c i d e n t  sun- 

l i g h t  t o  u s e f u l  h e a t  o u t p u t  and 11.4% t o  u s e f u l  e l e c t r i c a l  o u t p u t ;  t h u s ,  70% 

of t h e  a v a i l a b l e  i n s o l a t i o n  w i l l  be  e f f e c t i v e l y  cap tured .  

2.2.4 E l e c t r i c a l  Sys tem 

The e l e c t r i c a l  system i n t e r f a c e  is shown s c h e m a t i c a l l y  i n  F igure  

2.1.1. The 25 KW constant- load emergency l i g h t i n g  system was s e l e c t e d  a s  t h e  

sys tem load  because  of i ts  i n v a r i a n c e  and e a s e  of i n t e r f a c e .  .The nominal 260 VDC 

v o l t a g e  l e v e l  f o r  t h e  p h o t o v o l t a i c  a r r a y  w a s  s e l e c t e d  f o r  t h e  fo l lowing  reasons :  

e This  v o l t a g e  c l o s e l y  matches t h e  277 VAC l i n e - t o - n e u t r a l  v o l t a g e  
r e q u i r e d  by t h e  480 VAC 3Q load ,  the reby  maximizing PCU performance. 

2  
e This  vAltage is high enough t o  minimize I R l i n e  l o s s e s ,  w h i l e  low 

enough t o  avo id  exceeding s t a n d a r d  equipment (wi r ing ,  c o n t a c t o r s ,  
b r e a k e r s ,  e t c . )  v o l t a g e  r a t i n g s .  

Th i s  v o l t a g e  is conven ien t ly  achieved i n  t h e  c o l l e c t o r  a r r a y s  
w i t h  10-module s e r i e s  w i r i n g  of reasonab ly  s i z e d  c e l l s .  

For t h e  sys tem s i m u l a t i o n  s t u d y  d e s c r i b e d  i n  S e c t i o n  2.2.6 t h e  

e l e c t r i c a l  sys tem i n t e r f a c e  is modeled concep tua l ly  a s  shown i n  F igure  2.1.1. 

Each component i n  t h e  e l e c t r i c a l  sys tem is  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  3.2 

and on ly  t h e  in format ion  needed i n  t h e  system s i m u l a t i o n  is summarized h e r e .  

The r e c t i f i e r  e f f i c i e n c y  i s  a  f u n c t i o n  of t h e  supplemental  u t i l i t y  

power r e q u i r e d  t o  augment t h e  p h o t o v o l t a f c  o u t p u t  t o  meet t h e  25 Kk' l o a d .  The 

e f f i c i e n c y  v e r s u s  r e c e i f i e r  o u t p u t  power shown i n  F igure  3.2.4 was c u r v e - f i t  

f o r  t h e  sys tem sirnulacion model. The i n v e r t e r ,  des igned f o r  op t imal  e f f i c i e n c y  

for t h e  c o n s t a n t  27 KW .DC i n p u t ,  h a s  an  o v e r a l l  DC t o  AC e f f i c i e n c y  of 97%. 

System p a r a s i t i c  l o s s e s  o t h e r  t h a n  r e c t i f i e r  and i n v e r t e r  l o s s e s  

a r e  modeled a s :  a  3% l o s s  due t o  c o l l e c t o r  end p l a t e  shad ing  of c e l l s  ( S e c t i o n  

3.1.4);  a 2% l o s s  due t o  c e l l  mismatch and series resistance ( S e c t i o n  3 . 2 ) ;  

a v a r i a b l e  l o s s  due t o  f l u i d  pumping ( S e c t i o n  2.2.5) ; and n e g l i g i b l e  l o s s  due 

t o  uilirlule c rack ing  ( S e c t i o n  3 . 2 ) .  

4 1 



The hour-by-hour a r ray . / l ine / load  i n t e r a c t i o n  i s  modeled a s  

fol lows : 

a The DC e l e c t r i c a l  output  of the photovol ta ic  a r r ay  i s  determined. 
I f  t he  photovol ta ic  DC output  a f t e r  invers ion  t o  AC e l e c t r i c i t y  
is  s u f f i c i e n t  t o  meet the  25 KW load p lus  p a r a s i t i c s ,  then the 
load i s  suppl ied  by the  photov.oltaic output .  

a I f  t h q  photovol ta ic  output  i s  i n s u f f i c i e n t  t o  supply the  load,  
supplemental u t i l i t y  power is r e c t i f i e d ,  mixed with the  photo- 
v o l t a i c  ou tput  a t  t he  DC l e v e l ,  inver ted  t o  AC e l e c t r i c i t y  
and suppl ied  t o  t h e  load.  

Whenever t he  u t i l i t y  l i n e  power drawn by the  system exceeds 
rhe Puad the automa~ic s v l t r h  disconnects the load from the  
photovol ta ic  system and substitutes utility pswcr d i r e c t l y ,  

2 - 2 . 5  Thcnnal T ~ a o s p o r ~ , ~  ,S,ys,,tam 

The thermal t r anspor t  system i n t e r f a c e  is  shown schematical ly  i n  

Fibure 2.1.1. The i n t e r f a c e  is a simpla recirci.~.l..a.tion loop through the  s o l a r  

concent ra tor  a r r ay  and through a  b o i l e r  feedwater hea t  exchanger. The thermal 

system is modeled conceptual ly a s  shown i n  the f igu re .  

The DFW thermal load is a combined flow of condensate a r r i v i n g  

from a c h i l l e d  water pump steam turb ine  condenser and from a c h i l l e r  c u r b i ~ ~ e  

condenser,  both streams being parr 01 'a cuntinuous duty P.~nkine cycle  power system 

i n  the  p l a n t .  The c b ~ d e n s a ~ r  flow PBCU v ~ s i e s  d t h  locab wefither condit ions 

s i n c e  the  output  of the Rrlnkine cyc le  system is used t o  d r i v e  c e n t r i f u g a l  

c h i l l e r s  f o r  meeting the  a i r cond i t i on ing  requirements of t he  te rmina ls ,  h o t e l s  , 

and o t h e r  f a c i l i t i e s  a t  the  DEW a i r p o r t .  Based on r ecen t  opera t ing  records 

a6 t h e  DFW Cent ra l  U t i l i t y  F a c i l i t y  (Reference 4 ) the following t a b l e  

was compiled tu cha rac t e r i ze  the t o t a l  condensate flow r a t e  a s  a  func t ion  

of .wet-bulb temperature. .. . 

Wet Bulb Temperature 

' (OC) . 

< 8 
8-10 

10-21 
21-25 

> 25 

To ta l  Condensate Flow Rate 

(kg/hr) 
2000 
4500 

4500-16000 
16000-19000 

19000 



For the. system simulat ion s tudy the  b o i l e r  feedwater hea t  exchanger 

and over-temperature hea t  exchanger were modeled i n  genera l  a s  counterflow 

shell-and-tube type with v a r i a b l e  flow r a t e s .  Prel iminary calculat ions: .were 

performed t o  determine the  general  thermal capac i ty  range (UA product) s u f f i c i e n t  

t o  absorb the  f u l l  s o l a r  concentrator  a r r a y  thermal output a t  a reasonable temperature , -  

d i f f e r e n t i a l .  Once the  range was e s t ab l i shed  an  a c t u a l  hea t  exchanger was 

se l ec t ed  and the  a c t u a l  performance based on the  manufacturer 's  thermal capaci ty 

s p e c i f i c a t i o n  was incorporated i n t o  the s3jtem simulat ion model. 

P a r a s i t i c  thermal and e l e c t r i c a l  l o s s e s  a s soc i a t ed  wi th  t h e  thermal 

system i n t e r f a c e  inc lude  pumping power requirements t o  overcome pressure  drop 

throughout the  system and piping thermal l o s ses .  Pipe s i z i n g  was s e l e c t e d  t o  

keep pumping power requirements t o  a minimum. The o v e r a l l  p ressure  drop 

through the  thermal system was modeled and incorporated i n t o  the  system simula- 

t i o n  a s  ;a func t ion  of the square of the  mass flow r a t e .  In su la t ion  thickness  

on a l l  plumbing and piping was se l ec t ed  t o  minimize thermal piping l o s s e s  which 

were included i n  the  system simulat ion s tudy a s  a func t ion  of temperature 

d i f f e r ences  between the  f l u i d  and ambient. These p a r a s i t i c s  were incorporated 

i n t o  the  system s imula t ion  study descr ibed i n  Sect ion 2.2.6.. 



2.2.6 System S imula t ion  

The r e s u l t s  of i n d i v i d u a l  component a n a l y s i s  and subsystem a n a l y s i s  

( S e c t i o n  2 .2 .1  through 2.2.5) have been i n c o r p o r a t e d  i n t o  a  t o t a l .  s y s t e m  computer 

model t o  a c c u r a t e l y  s i m u l a t e  t h e  performance of t h e  proposed F r e s n e l / P h o t o v o l t a i c /  

Photothermal  power system. Tradeoff s t u d i e s  were conducted on c o l l e c t o r  a r r a y  s i z e ,  

c o n t r o l  s t r a t e g y  and thermal  and e l e c t r i c a l  i n t e r f a c e  component s e l e c t i o n  t o  a s s e s s  

t h e i r  e f f e c t s  on annua l  e l e c t r i c a l  and thermal  energy o u t p u t s .  A summary of t h e  

sys tem s i m u l a t i o n  model is  shown i n  F igure  2.2.6.1. The system s i m u l a t i o n  was 

conducted on an hour by hour  b a s i s  throughout the ycar uc ing  i n s o l a t i o n  an? 

wea ther  data models f o r  t h e  D a l l a s / F o r t  Worth a r e a  compiled by Aerospace 

Corpora t ion  (Reference 5 ) and a  Typica l  N e t e o r o l o g i c a l  Yea? (TXY) model com- 

p i l e d  by Sandia  L a b o r a t o r i e s  (Reference 6  ) .  The r e s u l t s  which f o l l o w  a r e  

based  on t h e  Aerospace Corpora t ion  weather  model. A comparison of th is .mode1 t o  

t h e  THY model is p r e s e n t e d  and t h e  e f f e c t  on performance i s  d i scussed .  

Tradeoff  s t u d i e s  were conducted t o  determine the  number of c o l l e c t o r  

a r r a y s  r e q u i r e d  t o  meet t h e  DFW e l e c t r i c a l  and thermal  l o a d s .  Eleven a r r a y s  weia 

s e l e c t e d  because  peak o u t p u t  from t h e  s o l a r  power sys tem w a s  s u f f i c i e n t  t o  meet 

t h e  DFW e l e c t r i c a l  load  w i t h b u t  any e l e c t r i c a l  waste .  Twelve a r r a y s  r e s u l t  i n  

w a s t e  e l e c t r i c a l  o u t p u t  and t e n  a r r a y s  r e q u i r e  a d d i t i o n a l  supplemental  l i n e  

power t o  meet t h e  e l e c t r i c a l  load .  The thermal  o u t p u t  of e l e v e n  a r r a y s  a l s o  

matches w e l l  t h e  feedwate r  h e a t  s i n k ' s  minimum h e a t  r equ i rements .  

S i m i l a r l y ,  a s t u d y  was conducted t o  determine the  d e s i g n  flow r a t e  

f n r  o p t i m a l  annual  performance.  The r e s u l t s  of t h i s  s t u d y  a r e  p r e s e n t e d  i n  

F i g u r e  2.2.6.2. A s  shown, peak annua l  thermal  e f f i c i e n c y  (49.4%) o c c u r s  fo,r  

f low r a t e s  above 600 k g / h r ;  peak annua l  e l e c t r i c a l  e f f i c i e n c y  (8.5%) o c c u r s  a t  

460 k g / h r .  A s  a t r a d e o f f ,  a  s i n g l e  a r r a y  d e s i g n  f low r a t e  of 568 kg /hr  

(6250 kg /hr  f o r  t h e  e l e v e n  a r r a y s )  was s e l e c t e d  y i e l d i n g  a n e t  e l e c t r i c a l  e f -  

f i c i e n c y  of 8.4% and a  n e t  thermal  e f f i c i e n c y  of 49.3% a n n u a l l y .  The f low r a t e  



HOURLY VALUES OF ION. fWB, TOE USING 1962 DALLASIFT. WORTH DATA COMPILED 
BY AEROSPACE CORPORATION. TMY DATA COMPILED BY SANOIA LABORATORIES 

CONCENTRATOR - T =  85%, CR = 25, HOU'RLY TRACKING & SHADING LOSS 

RECEIVER - ENERGY BALANCE RE-COMPUTED HOURLY FOR EACH MODULE (10MODULES 
IN SERIES) TO DETERMINE OCELL. TCELL, T F L ~ ~ ~ .  QcoLL, EcOLL, hLOSS. U LOSS 
COEFFICIENT DETERMINED EXPERIMENTALLY. C ~ L ~  = 85% (OCLI) 

INVERTER - r] = 97% 

ARRAY ELECTRICAL LOSS - CELL MISMATCH AND RESISTANCE LOSSES (2%) 

PARASlTlCS - INCLUDE PUMPING AND TRACKING POWER LOSSES 

SUPPLY LOSSES - LINE AC TO DC (VARIABLE RECTIFIER EFFICIENCY), DC TO AC (97% INVERTER), 
TOTAL LOSS APPROXIMATELY 7% OF LINE POWER 

HEAT EXCHANGER - ENERGY BALANCE RE-COMPUTED HOURLY BASED ON U A O V E R A L ~  
AND l i n ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  AND 'ARRAY 

OFW THERMAL LOAD - lCICONOENSATE AS A FUNCTION OF AMBIENT CONDITIONS (AIC LOAD) 

OFW ELECTRICAL LOAD - CONSTANT 25 KW ELECTRICAL LOAD 

FIGURE 2.2-6.1 TOTAL SYSTEM ANAL YSlS 

50 
THERMAL 

49 - 

t- OESIGN FLOW RATE 
(568 KGIHR) - - - 

U 
NOTE SCALE CHANGE 

Z 

U ELECTRICAL 

MASS FLOW RATE PER ARRAY (KGIHR) 

OC ELECTRICAL 
LESS ARRAY ELECTRICAL LOSSES 
LESS INVERTER LOSSES (AC) 

LESS PUMPING LOSSES 
.., 

, ?  ..- . . 

NET AC ELECTRICAL (INCLUDES 
LOSSES PECULIAR TO OF1N APPLICATION. 
AC TO DC TO AC) 

ETC011979-21 FIGURE 2.2.6.2 
ANNUAL SYSTEM EFFICIENCY VS. FLOW.RATE 



cor responding  t o  peak e l e c t r i c a l  w a s  n o t  s e l e c t e d  because  f l u i d  temperatures  

exceeding 220°F (104°C) were exper ienced  s e v e r a l  t imes  throughout t h e  y e a r  a t  

t h i s  f low r a t e ,  p r e s e n t i n g  p o s s i b l e  f l u i d  b o i l i n g  problems. 

F i g u r e  2.2.6.3 p r e s e n t s  whole-day e l e c t r i c a l  and thermal  performance 

f o r  a t y p i c a l  o p e r a t i n g  day. Due t o  r o l l - t i l t  t r a c k i n g  t h e  o u t p u t  curves  

c l o s e l y  match t h e  d i r e c t  normal i n s o l a t i o n  curve.  For t h i s  t y p i c a l  whole-day 

o p e r a t i o n ,  47.9% of  t h e  a v a i l a b l e  i n s o l a t i o n  is  conver ted t o  u s e f u l  thermal  

ou tpu t  and 9.8% is conver ted t o  DC e l e c t r i c i t y .  

The annual  sys tem performance r e s u l t s  a r e  p r e s e n t e d  i n  F igure  2.2.6.4. 

On a  y e a r l y  b a s i s ,  a r r a y  t r a c E i n g  l o s s e s  and module t o  module shading reduce 

t h e  a v a i l a b l e  i n s o l a t i o n  by 11.8%. A d d i t i o n a l l y ,  i n  t h e  e l e c t r i c a l  convers ion 

p r o c e s s  a  3% l o s s  i s  i n c u r r e d  d u e  t o  shading e f f e c t s  of t h e  lower and upper 

t h r e e  p h o t o v o l t a i c  c e l l s  i n  each module. T h i s  l o s s  f a c t o r  i s  f u l l y  d e s c r i b e d  

i n  S e c t i o n  3.1.4.  Th i s  reduces  t h e  a v a i l a b l e  d i r e c t  normal i x s o l a t i o n  t o  

85.6%. Transmi t t ance  l o s s e s ' ( - r  = 0.85) f u r t h e r  reduce t h i s  v a l u e  t o  72.8% 

( . a 5  x , 856) .  The c e l l  annua l  average convers ion  e f f i c i e n c y  (13.1%) reduces  

t h e  t o t a l  t o  9.51%. O f  t h e  9.51% conver ted  t o  DC electrical energy ,  c e l l  

mismatch and w i r i n g  s e r i e s  r e s i s t a n c e  l o s s e s  lower t h e  t o t a l  t o  9.3%. The 

i n v e r t e r  e f f i c i e n c y  (97%) f u r t h e r  reduces  t h e  t o t a l  t o  9.0Z. P a r a s i t i c  l o s s e s  

a s s o c i a t e d  w i t h  f l u i d  pumping, module t r a c k i n g  and e l e c t r ~ n i c  component opera- 

t i o n  amount t o  3% of o u t p u t  power. A t  t h i s  p o i n t ,  8.7% of t h e  annua l  a v a i l a b l e  

energy is  a v a i l a b l e  aSAC e l e c t r i c i t y .  The f i n a l  l o s s  f a c t o r  r e l a t e s  t o  t h e  

u t i l i t y  supp lementa l  power l o s s e s  i n  t h e  r e c t i f i e r  -and i n v e r t e r .  Supplemental  

u t i l i t y  power r e q u i r e d  t o  augment t h e  p h o t o v o l t a i c  o u t p u t  power t o  match t h e  

l o a d  i s  n o t  used d i r e c t l y  because- p a r a l l e l  AC g e n e r a t i o n  i s  p r o h i b i t e d  by 

l o c a l  u t i l i t y  r e g u l a t i o n  ( S e c t i o n  2 . 1 ) .  Th i s  r e q u i r e s  t h e  supplemental  u t i l i t y  

power t o  b e  r e c t i f i e d  t o  D C ,  mixed w i t h  t h e  DC o u t p u t  of t h e  p h o t o v o l t a i c  

a r r a y  and t h e n  i n v e r t e d  t o  AC e l e c t r i c i t y .  The r e c t i f i e r  e f f i c i e n c y  v a r i e s  
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w i t h  t h e  amount of auxiliary u t i l i t y  power r e q u i t e d  and is f u l l y  d e s c r i b e d  . i n  

S e c t i o n  3.2. On an annua l  b a s i s  t h i s  AC t o  DC t o  AC power p rocess ing  r e s u l t s  i n  

a  supp lementa l  l i n e  power l o s s  e q u a l  t o  3.5% of t h e  n e t  s o l a r  e l e c t r i c  power 

d e l i v e r e d .  I n c o r p o r a t i n g  t h i s  p a r a s i t i c  l o s s ,  t h e  n e t  annua l  convers ion of 

d i r e c t  normal i n s o l a t i o n  t o  AC e l e c t r i c i t y  is  8.4%. 

On t h e  thermal  s i d e  of F igure  2 .2 .6 .4 , .  t h e  3% l o s s  due t o  c e l l  

shad ing  e f f e c t s  i s  n o t  i n c l u d e d  i n  t h e  t r a c k i n g  and shading l o s s e s  a s  i t  is  

due t o  i n h e r e n t  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  c e l l s  and t h e i r  d iode  protec-  

t i o n  and w a s  t r e a t e d  on t h e  e l e c t r i c a l  s i d e  of t h e  f i g u r e .  The 11.8% t r a c k i n g  

and shad ing  l o s s  reduces  t h e  t o t a l  t o  88.22. Of t h i s  t o t a l ,  85% is  t r a n s m i f f e d  

through t h e  l e n s  and is i n c i d e n t  on t h e  p h o t o v o l t a i c  r e c e i v e r  module. Absorption 

of t h e  i n c i d e n t  concen t ra ted  f l u x  by t h e  p h o r o v o l t a i c  r e c e i v e r  (a =. .85)  

f u r t h e r  reduces  t h e  t o t a l  t o  63.7%. The annual  DC e l e c t r i c a l  o u t p u t  of 

t h e  c e l l s  (9.51%) is s u b t r a c t e d  l e a v i n g  53.9%. Next, annual  r a d i a n t ,  convec t ive  

and conduc t ive  r e c e i v e r  thermal  l o s s e s  lower t h e  t o t a l  t o  51.1%. F i n a l l y ,  

p i p i n g  the rmal  l o s s  reduces  t h e  n e t  thermal  energy d e l i v e r e d  t o  t h e  DEW the rmal  

l o a d  t o  49.3% on an annua l  b a s i s .  

I n  summary, t h e  proposed F r e s n e l / p h o t o v o l t a i c / p h o t o t h e ~ l  power 

sys tem c o n v e r t s  8.4% of t h e  a n n u a l  d i r e c t  normal i n s o l a t i o n  t o  4C e l e c t r i c i t y  

and 49.3% t o  ' thermal  ou tpu t .  Thus, approximat ly  58% of t h e  a v a i l a b l e  l n s o l a t i o n  

i s  d e l i v e r e d  a s  ' u s e f u l  thermal  and e l e c t r i c a l  energy.  ' : 

While t h e  r e s u l t s  p resen ted  in  ~ i g u r e  2". 2 .6 .4  a r e  ' b a s e d  on t h e  

Aerospace wea ther  model, a '  s i i n i l a r  p e t f b m h c e  a n a l y s i s  was condycted using 

t h e  TNY model. The annua l  a v a i l a b l e  d i r e c t  normal. i n s o l a t i o n  p r e d i c t e d  by t h e  

2 
Aerospace model (2340 kw-hr/m ) is  33%. g r e a t e r  than  t h a t  p r e d i c t e d  by THY . 

2  . . . _ :  
(1770 kw-hr/m ) .  The n e t  e f f e c t  of t h e  TXY d a t a  0; performance is t o  i n c r e a s e  

s l i g h t l y  t h e  annual  e l e c t r i c a l  and thermal  system e f f i c i e n c i e s  ( t o  8.782 

and 51.6%, r e s p e c t i v e l y )  and t o  d e c r e a s e  t h e  annua l  amount of d e l i v e r e d  AC 

e l e c t r i c a l  and t h e m 1  energy i n  d i r e c t  p r o p o r t i o n  t o  t h e  annual  i n s o l a t i o n .  
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While bo th  models p r e d i c t  e s s e n t i a l l y  t h e  same annua l  sys tem e f f i c i e n c y ,  a 

q u e s t i o n  a r i s e s  a s  t o  t h e  t o t a l  amount of d i r e c t  normal i n s o l a t i o n  i n  t h e  

D a l l a s / F o r t  Worth a rea .  

Ne i the r  model is  based upon si te-measured d i r e c t  normal i n s o l a t i o n ,  

and t h u s  both  a r e  s u b j e c t  t o  ques t ion .  One apparen t  anomaly i n  bo th  models is  .. . .  . .  

t h e  h igh  number of d a y l i g h t  hours  w i t h  p o s i t i v e  read ings  of d i r e c t  normal 

i n s o l a t i o n .  The Aerospace model i n d i c a t e s  82% of t h e  d a y l i g h t  hours  have some 

d i r e c t  normal i n s o l a t i o n ,  whi le  t h e  TMY model i n d i c a t e s  95%. S ince  d i r e c t  

normal i n s o l a t i o n  is ze ro  dur ing  cloudy p e r i o d s ,  bo th  of t h e s e  v a l u e s  appear  

h igh .  Only long-term a c t u a l  measurements w i l l  r e s o l v e  t h i s  d i sc repancy  and 

r e f i n e  annual  o u t p u t  p r e d i c t i o n  accuracy.  



System Performance Summary 

Table  2.3.1 summarizes t h e  performance o f  t h e  DFW A i r p o r t  Photo- 

v o l t a i c  Concen t ra to r  Experiment. The peak system o u t p u t  is  25 kw of n e t  a l t e r n a t i n g  

c u r r e n t  power d e r i v e d  from s o l a r  energy.  The peak the rmal  o u t p u t  i s  140 kwt of n e t  

b o i l e r  h e a t  sav ings .  On a n  a n n u a l  b a s i s ,  t h e  n e t  sys tem o u t p u t s  a r e  shown t o  be  48 c 

megawatt-ho'urs and 280 megawatt-hours of e l e c t r i c i t y  and h e a t  r e s p e c t i v e l y .  The 

c o n c e n t r a t o r  module used i n  t h e . a p p l i c a t i o n  i s  E-Systems s h o r t  f o c a l  l e n g t h  l i n e a r  

F r e s n e l  l e n s ,  coupled w i t h  OCLI s i l i c o n  c e l l s .  A r o l l - t i l t  t r a c k i n g  scheme i s  

u t i l i z e d .  Both e l e c t r i c  and thermal  loads  a r e  cont inuous  and l o c a t e d  w i t h i n  t h e  

C e n t r a l  U t i l i t y  P l a n t .  The c o l l e c t o r  a r r a y  c o n s i s t s  of 11 ten-module a r r a y  assembl ies ,  

p r o v i d i n g  245 m2 of a p e r t u r e .  Peak system e f f i c i e n c i e s  a r e  10.2% and 56%, e l e c t r i c  and 

the rmal  r e s p e c t i v e l y .  Annual e f f i c i e n c i e s  a r e  8.4% and 49%. Thus ,abou t  58% of the  

a n n u a l  d i r e c t  normal i n s o l a t i o n  a v a i l a b l e  t o  t h e  sys tem w i l l  be conver ted  t o  

u s e f u l .  energy o u t p u t .  



PEAK ELECTRICAL OUTPUT ZKW, AC (NET UTILITY SAVINGS) 

PEAK THERMAL OUTPUT 140 KWt (NET FUEL SAVINGS) 

ANNUAL ELECTRICAL OUTPUT 48,000 KW-HR, (NET UTILITY SAVINGS) 

ANNUAL THERMAL OUTPUT 280,000 KW-HRt (NET FUEL SAVINGS) 

CONCENTRATOR E-SYSTEMS 91 CM WIDE X 244 CM LONG LlNEAR 45" 
RIM ANGLE FRESNEL LENS (85% NET TRANSMITTANCE] . 

CELLS OCLl SILICON CELLS (13.4% AT 55°C) 
CONCENTRATION RATIO 

. . 
25 (91.4 CM APERTURE TO 3.66 CM CELL WIDTH) 

TRACKING ACTIVE DIURNAL TRACKING, PERIODIC TILT ADJ. 
ELECTRIC LOAD CONSTANT25 KW LIGHTING WITHIN UTILITY PLANT 
THERMAL LOAD CONTINUOUS 29"- 35" C CONDENSATE WATER FLOW 

(BOILER FEEDWATER) 
COLLECTOR ARRAY SIZE 

PEAK EFFICIENCY 

ANNUAL EFFICIENCY 

11 ARRAYS, 110 COLLECTOR MODULES, 
245 M2 TOTAL APERTURE 

10.2% ELECTRIC (INSOLATION TO NET AC OUTPUT), 
56% THERMAL 

8.4 %ELECTRIC (INSOLATION TO NET AC OUTPUT), 
49% THERMAL 

~ ~ ~ 0 1 1 9 7 9 - S J  TABLE 2.3.1 SYSTEM PERFORMANCE SUMMARY 

REQ'D PER COST PER 
SITE SITE SIFT' S/M2 

COLLECTOR MODULE ASSY (WIO RECEIVER) 100 9933.20 4.14 44.56 
PHOTOVOLTAIC RECEIVER ASSY . 100 26500.00 11.04 118.83 
TILT 0RlVE.ASSEMBLY 10 5065.70 2.11 22.71 
ROLL ORIVE ASSEMBLY 10 1354.70 .56 6.03 
FRAME & INTERFACE COMPONENTS 10 6212.60 2.59 27.88 
TRACKING & CONTROL 

ROLL AXIS 10 384.60 .16 1.72 
TILT AXIS 1 65.32 .03 0.32 

PLUMBING 1200.00 .50 5.38 
ELECTRICAL 1200.00 .50 5.38 
HARDWARE 200.00 .08 0.86 
'SHOP LABOR 935.00 .39 4.20 
PREPARATlON FOR SHIPPING 555.40 -23 248 
SHIPPING (TYPICAL 100 MILE RADIUS) 1000.00 .42 4.52 
SITE PREPARATION 200.00 .08 0.86 
FOUNOATION 2400.00 1.00 10.76 
INSTALLATION & ALIGNMENT 4800.00 2.00 21.53 

TOTAL DIRECT COST 62006.12 , 25.84 278.02 
INOIRECT COSTS 
l LABOR OVERHEAD @ 100% OF DIRECT LABOR COST 990.00 0.41 4.41 
l MATERIAL BURDEN @ 3% OF DIRECT MATERIAL COST 1830.00 . 0.76 8.18 

GENERAL & AOMlNlSTRATlVE @ 25% OF COST ADDITIONS 952.00 0.40 4.31 
F E E  @ 10% OF COST 6577.86 2.74 29.49 

TOTAL INSTALLED PRICE 72356.48 30.1 5 324.41 

BASED ON ANNUAL PROOUCTION OF 2,000 ARRAYS (500,000 F T ~ )  ( 4 6 , 0 0 0 ~ ~ )  
BASED ON A TYPICAL SlTE DEFINED AS: 
l 10 ARRAYS, SERIES HOOK-UP l 3000 SF SOIL 
01 CONTROL CENTER l MINIMUM SITE PREPARATION ' ' 

l FIELD INSTALLED (AS OPPOSED TO 
ROOF INSTALLATION) 

ETC011979-55 
TABLE 2.4.1 COLLECTOR PRODUCTION COST ESTIMATE ( 1 9 7 8  S) 
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System Economics Summary 

To d e f i n e  t h e  near-term economic v i a b i l i t y  o f  a product ion-vers ion 

system similar t o  t h e  DFW A i r p o r t  Experiment, a d e t a i l e d  e s t i m a t e  o f  t h e  i n s t a l l e d  

p r i c e  o f  s u c h ' a  sys tem w a s  completed d u r i n g  Phase I. Table  2.4.1 summarizes t h i s  

p r i c e  e s t i m a t e ,  based upon a n  assumed system c o n f i g u r a t i o n  o f  t e n  a r r a y s  o f  t e n  modules 

2 
each f o r  a t o t a l  sys tem a p e r t u r e  o f  223m , i n s t a l l e d  on a ground-level  s i t e  a s  noted.  

2 
An a n n u a l  p roduc t ion  rate of 46,000m w a s  used f o r  q u a n t i t y  e s t i m a t e s .  The c o s t  element 

w i t h ; t h e  h i g h e s t . u n c e r t a i n t y  i s  t h e  p h o t o v o l t a i c  r e c e i v e r .  It was e s t i m a t e d  based upon 

2 
a laid-down c e l l  c o s t  of $5 a p i e c e ,  o r  3 0 ~ / c m  of c e l l  a r e a .  The t o t a l  i n s t a l l e d  p r i c e  

2 2 of $ 3 0 / £ t 2  ($324/m2-) is  c l o s e l y  i n  l i n e  w i t h  E-Systems' t a r g e t  p r i c e  o f  $ 2 0 / f t  ($215/m ) I 
f o r  a p u r e l y  thermal  v e r s i o n  o f  t h e  F r e s n e l  c o l l e c t o r ,  s i n c e  t h e  d i f f e r e n c e  i n  p r i c e  

2 2 between t h e  p h o t o v o l t a i c  r e c e i v e r  and t h e  the rmal  r e c e i v e r  is  about  $ l O / f t  ($108/m ).  

Using t h e  a n n u a l  e f f i c i e n c i e s  d e f i n e d  i n  S e c t i o n  2.3, t h e  c o s t  e s t i m a t e  of Table  2.4.1, 

and t h e  e c o n o m i c . f a c t o r s  l i s t e d  i n  Tab le  2.4.2, a l e v e l i z e d  energy c o s t  a n a l y s i s  was 

conducted.  The f i r s t  set o f  economic f a c t o r s  i n  Table  2.4.2 w a s  p r e s c r i b e d  by DOE f o r  

a l l  PRDA-35 c o n t r a c t o r s ,  w h i l e  t h e  second set corresponds t o  a c t u a l  c o n d i t i o n s  a t  DFW 

Airport. - 
Leve l ized  energy c o s t s  were determined i n  two d i f f e r e n t  ways: 

The thermal  and e l e c t r i c a l  energy c o s t s  were c a l c u l a t e d  s e p a r a t e l y ,  
based upon a sys tem c o s t  a l l o c a t i o n  of 113 t o  t h e  e l e c t r i c a l  energy 
a n d  2 / 3  t o  t h e  therma.1 energy.  These  cnsts  a r e  shown ,on t h e  r i g h t -  
hand a x i s  of F igure  2.4.1. 

The the rmal  energy w a s  conver ted  t o  e q u i v a l e n t  e i e c t r i c a l  energy by 
assuming a 30% convers ion  e f f i c i e n c y .  Th is  e q u a t e s  t o  v a l u i n g  h e a t  
a t  30% o f - t h e  v a l u e  o f  e l e c t r i c i t y . .  The comb-ined e q u i v a l e n t  e l e c t r i c a l  
energy w a s  then cos ted  o u t  a s  shown.on t h e  l e f t -hand  a x i s  of F igure  
2.4.1. 

. . 
. . 
Since  annua'l energy p roduc t ion  i s  p r d p o r t i o n a l  t o  a n n u a l  i n s o l a t i o n ,  

t h e  l e v e l i z e d  energy c o s t s  a r e  shown a s  f u n c t i o n s  of "Percent  C l e a r  Uays".  his 

p a r a n e t e r  i s  based up& ASHRAE c l e a r  day d i r e c t  normal i n s o l a t i o n  d a t a .  1 U O X  c l e a r  

days correspo*ds t o  3250 kw-hr/m2 a n n u a l  d i r e c t  no-1 i n s o l a t i o n .  



SYSTEM OPERATING LIFE 
ANNUAL OTHER TAXES AS 

FRACTION OF CAPITAL INVESTMENT 
ANNUAL INSURANCE PREMIUMS 

FRACTION C1 
EFFECTIVE INCOME TAX 
RATIO DEBT 
RATIO COMMON STOCK 
RATIO PREFERRED STOCK 
RATE OF RETURN DEBT . 

RATE OF RETURN COMMON 
RATE OF RETU.SN PREFERRED 
GENERAL INFLATION 
FIRST YEAR COMMERCIAL OPERATIONS 
ESCALATION CAPITAL AND 

OPERATING & MAINTENANCE 
BASE YEAR FOR CONSTANT DOLLARS 

SUGGESTED 
20 YEARS 

TABLE 2.4.2 ECONOMIC FACTORS 

OIFW CASE 
20 YEARS 

ASSUMPTIONS: 
16 ECONOMIC FACTORS OF TABLE 24.2 . 

15 COLLECTOR COST IN 1981 FROM TABLE 2.4.1 ' 

' 1 4  
O&M COST AT 1% OF CAPITAL INVESTMENT PER YR. 
PCU COST IN 1981 AT $250 IKW 

13 g 1990 COSTS ASSUME 90% LEARNING CURVE ON 
12 z COLLECTORS AN0 CELLSWITH SMW INSTALLED IN 

1981, AN0 10 Mw/YEAR THEREAFTER 
11  = 1990 COSTS ASSUME CONCENTRATION RATIO OF 50 
10 5 COMBINED HEAT& ELECTRIC ENERGY COSTVALUES 
n HEAT AT 30% OF ELECTRICITY 
Y W Z  

SEPARATE HEAT& ELECTRICITY COST BASED UPON 
4 om SYSTEM COST AlTRlBUTEO 113 TO ELECTRICAL 

, 7  = ENERGY AN0 213 TO HEAT 

P E R C E N T  CLEAR D A Y S  

FIGURE 2.4.1 COST OF ENERGY 



There  is  a  l a c k  of measured d a t a  f o r  d i r e c t  normal i n s o l a t i o n  i n  t h e  

D a l l a s / F o r t  Worth a r e a ,  as d i s c u s s e d  i n  S e c t i o n  2.2. However, t h e  v a l u e  e s t i m a t e d  by 

Aerospace Corpora t ion  (Reference 5 ) corresponds t o  72% c l e a r  days i n  F igure  2.4.1. 

The a p p r o p r i a t e  energy c o s t s  f o r  t h e  commercial sys tem i n  1981 (corresponding t o  t h e  

DOE-generated economic f a c t o r s )  a r e  about  lOc/kwh ( e q u i v a l e n t )  o r  lOc/kwh ( e l e c t r i c )  

and $lO/MMBtu ( t h e r m a l ) .  The DFW A i r p o r t  1981  curve (corresponding t o  a c t u a l  

economic f a c t o r s )  y i e l d s  7c/kwh ( e q u i v a l e n t )  o r  7c/kwh ( e l e c t r i c )  and $7/MMBtu 

( t h e r m a l ) .  Over t h e  20-year l i f e  c y c l e  of t h e  system, t h e s e  v a l u e s  a r e  compet i t ive  

w i t h  c o n v e n t i o n a l  energy c o s t s  i f  c o n v e n t i o n a l  c o s t s  r i s e  a t  moderate r a t e s .  

While near-term economic v i a b i l i t y  f o r  t h e  sys tem appears  e x c e l l e n t ,  

i f  long-term mass p r o d u c t i o n  were c a r r i e d  on o v e r  a  p e r i o d  of y e a r s ,  t h e  usual. l e a r n i n g  

c u r v e  d e c r e a s e  i n  sys tem c o s t s  shou ld  be r e a l i z e d .  To e s t i m a t e  t h e s e  reduced c o s t s ,  

90% l e a r n i n g  c u r v e s  were a p p l i e d  t o  c o l l e d t o r  c o s t s  and c e l l  c o s t s ,  based upon t h e  

volume assumptions  g iven  on F i g u r e  2.4.'1. A d d i t i o n a l l y ,  a  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  

t o  50 from t h e  c u r r e n t  25 w a s  assumed, based upon t h e  l e n s  a n a l y s e s  and t e s t s  conducted 

d u r i n g  Phase  I. The r e s u l t a n t . l e v e l i z e d  energy c o s t s  a r e  p r e s e n t e d  a s  t h e  lower two 

c u r v e s  of F i g u r e  2.4.1,  f o r  t h e  two sets of economic f a c t o r s  p r e v i o u s l y  d i s c u s s e d .  Note 

t h a t  t h e  l e v e l i z e d  energy c o s t s  f o r  72% c l e a r  days ( D a l l a s / F o r t  Worth a r e a )  f a l l  t o  

t h e  3-5c/kwh ( e q u i v a l e n t )  o r  3-5 c/ lwh ( e l e c t r i c )  and $3-S/MMB.tu ( h e a t )  , depending 

on which s e t  of economic f a c t o r s  a r e  a p p l i c a b l e .  These v a l u e s  a r e  c o m p e t i t i v e  w i t h  

t o d a y ' s  c o n v e n t i o n a l  energy c o s t s  and would t h u s  be f a r  l e s s  than conven t iona l  energy , 

c o s t s  o v e r  t h e  20 y e a r  sys tem l i f e  c y c l e .  

In summary, t h e  proposed system des ign  r e p r e s e n t s  an  economical ly  

v i a b l e  t o t a l  energy s o u r c e  i n  t h e  near- term,  w i t h  i n c r e a s i n g  v i a b i l i t y  i n  t h e  long 



COMPONENT SPECIFICATION 

Photovol ta ic  Array 

Photovol ta ic  Array Spec i f i ca t ion  

The system is comprised of e leven photovol ta ic  a r r a y  assemblies 

(FIG. 3.1.1) each of  which cons i s t s  of t e n  c o l l e c t o r  modules mounted i n  a s t r u c t u r a l  

frame, wi th  appropr ia te  t r ack ing  and d r i v e  g a c i l i t i e s  (FIG. 3.1.2). I n  each a r r a y  

t h e  modules a r e  interconnected i n  s e r i e s  hookup, both e l e c t r i c a l l y  and thermally,  t o  

produce nominally 2.5 KWe of DC power and 1 3  KW thermal per  a r ray .  The eleven a r r a y s  
t 

a r e  interconnected in p a r a l l e l  t o  provide approximately 27 KWe of DC power a t  260 v o l t s ,  

nominal, t o  t h e  power condi t ion ing  equipment f o r  conversion t o  w e a b l e  AC. The cool ing  

f l u i d  system of t he  a r r a y s  i s  s i m i l a r l y  connected in  p a r a l l e l  t o  produce about 146 KW 
t 

of thermal power t o  t he  h e a t  t r a n s f e r  system, where i t  is  coupled i n t o  t h e  a i r p o r t  

b o i l e r  feedwater system. 

The photovol ta ic  system has been designed t o  be compatible with a 

r e a l i s t i c  environment as defined i n  t h e  s p e c i f i c a t i o n  l i s t e d  below: 

Design Environment Operat ional  Surv iva l  (Stow Pos i t i on )  

Wind 30 MPH (13.4 ups) 90 MPH .(40.2 mps) 
gus t ing  t o  45 mph 

(20 mps) 

Temperature 

Humidity 
Rain 
Snow 
Tce 
Hai l  

-40°F t o  +140°F 
(-40°C t o  +60°C) 
0 t o  100% 
2 In./Hour(5cn/hr) 
12 In. Accumulation (30 cm 
1 In .  Radial  (2.5 cm) 
1 In.  Dia.-Terdnal  
Veloci ty (2.5 cm) 
0.25G L a t e r a l  Acce lera t ion  Seismic 

Q Design L i f e  

20 yea r  ope ra t iona l  l i f e  span r equ i r ing  only normal maintenance. 

In  Table 3.1.1 the keg elements of each af t h e  major components and/or sub-assemblies 

of t h e  photovol ta ic  a r r a y  a r e  described. Since t h e  drawing package de f ines  

i n  d e t a i l  a l l  s p e c i f i c a t i o n  c r i t e r i a ,  i t  is t h e  primary procurement and man- 

ufac tur ing  s i e c i f i c a t i o n  and a s  such is  referenced f o r  d e t a i l e d  design 

and s p e c i f i c a t i o n  data .  



FIGURE 3.1.1 SYSTEM INSTALLATION 
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FIGURE 3.1.3 STRUCTURAL FRAME TILT DRIVE ASSY 



COMPONENT DESCRIPTION 

COLLECTOR MODULE 
HOUSING STRUCTURE 10 MODULES PER ARRAY. 

GALVANIZED SHEET STEEL CONST. 
INTEGRAL ROLL AXlS SHAFT OR AXIAL CG 
ROLL AXlS DRIVE SHEAVE INTEGRAL 
WITH END PLATE 

ENVIRONMENTAL LENS 81 JOINT SEALS 
LENS 3 MM THK CURVED ACRYLIC FOR WHOLE 

APERTURE 

RECEIVER ASSY 53 SL LlCON SOLAR CELLS MOUNTED IN 
SERlES ON COPPER HEATSINK 

COPPER HEATSINK BRAISE0 TO A 15MM 
fll A CABRSIA TUBE 

POLYURETHANE INSULATION BETWEEN 
RECEIVER AN0 HOUSING 

SUPPORTED ALONG FULL LENGTH OF HOUSING 
- 

D A l V h S  

ROLL AXIS DRIVE 5 WATT, AC-PULSE DRIVE 
SINGLE LINEAR ACTUATgR PER ARRAY 
CLOSED LOOP ACTIVE TRACKING IN 

SlNGLE DIRECTION 
~ S O ~ S K Y  COVERAGE 

SLEW SPEED - 5 '1~1~ .  
TILT AXIS DRIVE 50 WATT, AC DRIVE 

THREE 131 LINEAR ACTUATORS DRIVEN 
BY COMMON SHAFT 

MANUAL JOG CONTROL FOR PERIODIC 
AOJUSTMENT 

REMOTE TlLT POSITION INOlCATlON 

SLEW SPEED - IXOIMIN. 

ARRAY STRUCTURE HIGH STIFFNESSNVEIGHT RATIO SHEET 
STEEL FRAME 

APPROX. 14.6M X 3.OM 
TILT AXlS AT SOUTH FACE 

INTERFACES SELF ALIGN BEARINGS FOR MODULE1 
FRAME MOUNT 

TEN MODULES WIRED IN SERIES TO 
PROVIDE 260 VDC OUTPUT 

TEN MOOULES PLUMBED IN SERlFS FOR 
COOLANT FLUID FLOW 

WT. (LBS) 
PER 

ARRAY 

TOTAL ARRAY WEIGHT 2544 LBS. 

TABLE 3.1.1 PHOTOVOLTAIC ARRAY COMPONENT SPECIFlCA TION 



The two most c r i t i c a l  items of t h e  system a r e  t h e  l ens  and the  

photovoltaic  rece iver .  Vendors have been t e n t a t i v e l y  designated f o r  these items: 

Lens: Swedlow, Inc., is cur ren t ly  providing prototype - 
q u a n t i t i e s  of c a s t  lenses  t o  E-Systems under company funding. 

From schedular considerat ions,  they a r e  the  leading candidate 

l ens  supp l i e r  f o r  Phase 11. However, E-Systems is developing 

an  extrusion/embossing mass production technique under Sandia 

Contract No. 13-2359. I f  acceptable lenses a r e  ava i l ab le  from 

t h i s  program i n  t i m e  t o  meet Phase I1 requirements, they w i l l  

be used ins tead  of c a s t  lenses.  Furthermore, add i t iona l  lens  

vendors, including 3M Company, a r e  working on o ther  production 

processes under E-Systems funding and w i l l  be considered as Phase 

I1 suppliers .  

a Photoboltaic  C e l l  Assembly: OCLI designed and fab r i ca ted  the  

prototype photovoltaic  c e l l  assembly which w a s  successfu l ly  

t e s t ed  duridg Phase I. Thus, they a r e  t h e  leading candidate 

c e l l  supp l i e r  f o r  Phase 11. - 
Figures 3.1.3 and 3.1.4 a r e  provided f o r  ease i n  i d e n t i f i c a t i o n  of the  

major elements comprising the s t z u c t u r a l  frame and &a c o l l e c t o r  module, respect ive ly .  

The category i d e n t i f i e d  a s  "Housing Structure1' i n  Table 3.1.1 includes the  a s t e r i sked  

items i n  Figure 3.1.4. 

A s  p a r t  of the  in-house E-Systems-funded program, a s i n g l e  test a r r a y  

w a s  constructed a s  shown i n  Figure 3.1.5. A l l  s t r u c t u r a l  aspects  of the  frame and 

cu l l ec ro r  modules a r e  i d e n t i c a l  t o  the  photovoltaic  a r r a y  configurat ion with the 
9. 

I, 
exception of the ground mount. I n  t h i s  case i t  was necessary t o  e l e v a t e  the  a r ray  

t o  achieve a c l e a r  s o l a r  l i n e  of s i g h t .  It should a l s o  be noted t h a t  no lenses  a r e  1 

included i n  the  i n s t a l l a t i o n .  Masonite covers have been subs t i tu t ed  on each of the  

modules f o r  s imulat ion of weight and overturning moments. 
' rr 



PARTS OF HOUSING STRUCTURE 

FIGURE 3.1.4 COLLECTOR ASSEMBLY 

mi. 
C. 

FIGURE 3 7.5 E-SYSTEMS FUNDED TESTARRAY 



The t e s t  a r r a y  has been used t o  v e r i f y  t h e  s t r u c t u r a l  and mechanical 

design. Clearances,  to le rances ,  de f l ec t ions ,  d r ives ,  i n s t a l l a t i o n  and alignment 

techniques, and environmental s u r v i v a l  c h a r a c t e r i s t i c s  have been checked and 

measured a s  app l i cab le  and modif icat ions made where required.  The drawing package a I 
r e f l e c t s  the  l a t e s t  design c r i t e r i a  r e s u l t i n g  from the  a r r a y  t e s t i n g .  

d 

Prototype Fresnel /Photovoltaic  Concentrator Development 
and Tes t inq  

To v e r i f y  t h e  predic ted  performance of E-Systems Fresnel /Photovoltaic  

c o l l e c t o r ,  a prototype c o l l e c t o r  w a s  designed, f ab r i ca t ed  and succes s fu l ly  

t e s t e d  during Phase I. Photographs of t h e  prototype c o l l e c t o r  and r ece ive r  a r e  

presented i n  Figures  3.1.6 and 3.1.7. The prototype design is r ep resen ta t ive  

of t he  proposed product ion c o l l e c t o r s  wi th  two major exceptions: 

The prototype l e n s  is a parquet  of 36 s m a l l  compression- 
molded a c r y l i c  l e n s  elements r a t h e r  than the f u l l - s i z e ,  s ing le -  
p i ece  c a s t  a c r y l i c  l e n s  planned f o r  use i n  Phase 111. However, 
t h e  parquet  l ens  is a f u l l  t h r ee  Eeet (91.4 cm) i n  a p e r t u r e  
width by e i g h t  f e e t  ( 2 4 4  .:m) i n  l eng th .  Furthermore, t hc  
same master  t oo l ing  used t o  p re s s  the  parquet  l e n s  elements 
is a l s o  being used t o  make e lec t roforn i  t oo l ing  f o r  t h e  f u l l -  
s i z e  Phase I1 case  lenses .  Thus, tlie prototype o p t i c a l  
performance should be the  same a s  t h e  product ion l e n s  o p t i c a l  
per f  om-tnce. 

Because shadows a r e  formed by t h e  l a t e r a l  r i b s  suppor t ing  
t h e  parquet l e n s ,  gaps were provided between c e l l s  a t  shadow 
p o i n t s  a long the  pro to type  pho tovo l t a i c  r ece ive r .  Also, 
because of t e s t  s t and  l eng th  l i m i t a t i o n s ,  a s h o r t e r  r e c e i v e r  
was used f o r  the  pro to type  than planned f o r  Phase I1 product ion 
u n i t s .  The combined e f f e c t  of these  c o n s t r a i n t s  was t o  l i m i t  
the number of c e l l s  t o  46 r a t h e r  than 53. Since each c e l l  
is 1.78 inches (4.52 cm) long and r e q u i r e s  a 0.030 inch  
(0.076 cm) space between i t  and t h e  next  c e l l ,  t h e  i n t e g r a t e d  
l eng th  of t h e  pro to type  c e l l  s t r i n g  inc luding  spaces  is . *I . 

,'. ' d , , , : ,  46 x 1.81  inches = 83.3 inches  (212 cm), compared t o  53 x 1.81  . 
- , - inches  = 95.9 inches  (244 an), f o r  t h e  product ion r ece ive r .  

Thus the  output  power f o r  t h e  pro to type  is only 46 o r  86.62 
33 

of t h a t  f o r  t h e  product ion c o l l e c t o r .  For e f f i c i e n c y  ca lcu la-  
t i o n s ,  t he  e f f e c t i v e  a p e r t u r e  a r e a  is def ined  t o  be the c e l l  
s t r i n g  i n t e g r a t e d  l eng th  (83.3 inches)  t i m e s  t he  f u l l  a p e r t u r e  
width (36 inches) ,  o r  20.83 f t 2  (1.935 m2). No reduc t ion  i n  
a p e r t u r e  was t r e a t e d  f o r  l o n g i t u d i n a l  j o i n t s  between l e n s  
porquct clcmcnts o r  f o r  b o l t s  used t o  hold thcsc. clcmcnt3 
toge ther .  The pro to type  cells are i d e n t i c a l  t o  those  which 
w i l l  be  used f o r  t h e  Phase 11 product ion collectors. 







The prototype c o l l e c t o r  was i n s t a l l e d  i n  E-Systems Fresnel  

Co l l ec to r  Tes t  F a c i l i t y  which was previously b u i l t  under company funding. 

This  f a c i l i t y  includes highly accura te  instrumentat ion f o r  c o l l e c t o r  performance 

evalua t ion ,  including : 

A complete weather s t a t i o n  including wind speed and d i r ec t ion ,  
an Eppley normal incidence pryheliometer ca l ib ra t ed  by NOAA, 
ambient temperature, e t c .  

A turb ine  flowmeter and d i g i t a l  d isp lay  ca l ib ra t ed  and checked 
a t  0.5% accuracy. 

Platinum reskstance sensors  and bridges f o r  c o l l e c t o r  water 
i n l e t ,  o u t l e t ,  and d i f f e r e n t i a l  measurement. These devices 
have been ca l ib ra t ed  and checked a t  0 . 0 3 ' ~  accuracy. 

A r ecen t ly  c a l i b r a t e d  shunt r e s i s t o r  f o r  measuring the 
photovoltaic  c e l l  s t r i n g  cu r ren t  t o  0.1Z accuracy. 

D i g i t a l  vol'timeters accura te  t o  the 1u v o l t  l e v e l  f o r  
monitoring inso la t ion ,  temperatures, vol tages and currents  
i n  the  test c o l l e c t o r .  

A wattmeter f o r  monitoring power output from t h e  photovoltaic  
s t r i n g  wi th in  1% accuracy. 

A solid-scace va r i ab le  r e s i s t ance  c i rcuiL simulaLor w i ~ h  11igl1 
s t a b i l i t y  f o r  performing vo l  tagelcurrent  curve measurements. 

This t e s t  system was used t o  perform a v a r i e t y  of t e s t s ,  including l ens  

o p t i c a l  performance measurements, c o l l e c t o r  thermal e f f i c i ency  t e s t s ,  col- 

l e c t o r  e l e c t r i c a l  e f f i c i e n c y  t e s t s ,  t o t a l  c o l l e c t o r  e f f i c i ency  t e s t s ,  and 

cu r ren t lvo l t age  c h a r a c t e r i s t i c  curve tests f o r  the photovoltaic  c o l l e c t o r .  

These t e s t s  and t h e i r  r e s u l t s  a r e  described below. 

The o p t i c a l  performance of the  Fresnel  l ens  concentrator  can be 

s p e c i f i e d  i n  terms o t  two parameters: concerkttatldfi YatSo afld transmittance. 

The geometric concentrat ion r a t i o  se l ec ted  f o r  the  c o l l e c t o r  i s  25, including 

the  e f f e c t s  of a l l  e r r o r s  ( t racking,  manufacturing, de f l ec t ion ,  e t c . ) .  Thus 

t h e  c e l l  a c t i v e  width was set a t  1.44 i n .  ( 3 . 6 6  cm) f o r  the  36 i n .  (91.44 cm) 

wide l e n s .  The prototype l ens  e a s i l y  m e t  t h i s  focussing requirement, a s  the  

image photograph of Figure 3.1.7 shows. Visual inspect ion  ind ica te s  t h a t  



nearly a l l  of the  image is  contained wi th in  1/2 of the  c e l l  width (about 0.72 in .  

(1.83 cm)); thus t h e  lens  is achieving about a 50:l concentrat ion r a t i o  a s  

t h e o r e t i c a l i y  predicted (Section 2.2). The dark bands on e i t h e r  s i d e  of the  

b r igh t  image thus allow f o r  s i z a b l e  e r r o r s  i n  t racking,  alignment, de f l ec t ion ,  

e tc . ,  without allowing the  image t o  move off of the  c e l l .  Also note  from 

Figure 3.1.7 t h a t  the  shadows caused by the l a t e r a l  r i b s  i n  the  parquet l ens  

f a l l  properly on the  polished copper blanks where c e l l s  were omitted from t h e  

c e l l  s t r i n g .  Regarding transmit tance,  the  following test was performed t o  

measure t h i s  important parameter. 

It is w e l l  known t h a t  the  shor t - c i r cu i t  cur rent  of photovoltaic  

c e l l s  is d i r e c t l y  propor t ional  t o  the r ad ian t  f l u x  inc iden t  upon such c e l l s  

(Reference 7 ) .  Thus i f  t h i s  current  is measured-for the  prototype r ece ive r  

c e l l s  under one sun condit ions (without the  lens)  and then under concentrated 

f l u x  condit ions (with the  l ens ) ,  t he  r a t i o  of the  l a t t e r  t o  the  former w i l l  

be the  n e t  f l u x  concentrat ion (geometric concentrat ion r a t i o  t i m e s  l e n s  

t ransmit tance) .  The one sun t e s t  w a s  performed a s  shown i n  Figure 3.1.8 

with a black box mounted around the c e l l s  t o  allow a l l  the  d i r e c t  normal 

inso la t ion  t o  impinge upon the c e l l s ,  but  blocking r e f l e c t e d  r a d i a t i o n  from 

the  trough wal ls  and blocking about 90% of the  d i f f u s e  sky radia t ion .  The 

s h o r t  c i r c u i t  cur rent  was measured f o r  seve ra l  i n s o l a t i o n  l e v e l s  t o  define 

t h e  f l d c u r r e n t  propor t ional i ty  constant .  This  constant  was found t o  be 

2033 w/mZ-ampere, a s  shown i n  Yigure 3.1.9. Using th i s  measured constant ,  

a l l  of the  one sun da ta  yielded a ne t  concentrat ion of 1.00 wi th in  0.48 

maximum e r r o r .  Three such c a l i b r a t i o n  poin ts  a r e  shown on the  lower curve 

of Flyure 3.1.9. Next, several, s h o r t  c i r c i ~ i t :  cur rent  tests were run with the 

l ens  i n  place.  Using the  previously defined p ropor t iona l i ty  cons tant ,  these 
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results all defined a net concentration of 22.2 f 0.2 suns, despite insolation 

variations of 30%, as.shown on the upper curve of Figure 3.1.9. Dividing net 

concentration by geometric concentration provides the net transmittance of the 

lens'which was 89 f 1%, as also shown on Figure 3.1.9. Thus, the lens exceeded 

the transmittance goal of 85%, as least over the silicon solar cell response 

spectrum. This higher value is not totally unexpected, since the absorption 

bands' for acrylic are in the near infrared spectral region which is outside of the 
# 

response spectrum of the silicon cells. The full solar spectrum transmittance is 

probably about 2% lower than the silicon cell spectrum transmittance due to this - 
infrared absorption. Thus, the lens transmittance is slightly higher for photovoltaic. 

applications (89%) than for photothermal applications (87%), and in both cases, the 

actual transmittance is higher than the original goal of 85%. In summary, the 

new lens performed excellently in the prototype tests, thereby confirming the 

theoretical performance predictions for this novel, optimized, short-focal- 

length concentrator. 

Overall collector electrical efficiency and total efficiency 

(electrical + thermal) tests were also performed for a variety of conditions to 
U 

verify the predicted collector performance. Figures 3.1.10 and 3.1.11 present the 

results of these tests. Since electrical efficiency is primarily a function of 

0 
cell temperature, which is approximately 10 C higher than fluid temperature 

based on thermal ~nalysis, Figure 3.1.10 presents measured overall cpllector 

electrical efficiency as a function of fluid temperature. Note that this 

0 
electrical efficiency varies from ahnut: 13% at; 15 C fluid temperature to about 

9% at about 95'~ fluid temperature. 

To empirically verify the weatherability of the photovoltaic receiver, 

it was left in the prototype collector outside all winter. Data from tests conducted 

both before and after this 60-90 day exposure are presented in Figure 3.1.10 and 

indicate no degradation in electrical performonca. 



C o l l e c t o r  t o t a l  e f f i c i e n c y  ( e l e c t r i c a l  + thermal)  is p r i m a r i l y  a 

f u n c t i o n  of t h e  u s u a l  thermal  c o l l e c t o r  parameter  (AT/Idn), wherein AT is  t h e  

f lu id- to-ambient  t empera tu re  d i f f e r e n t i a l  and I i s  t h e  d i r e c t  normal i n s o l a t i o n  
dn 

f l u x .  Thus t h i s  t o t a l  e f f i c i e n c y  d a t a  is p r e s e n t e d  i n  F igure  3.1.11 a s  a 

f u n c t i o n  of ( A T / I ~ ~ )  . 
Data a r e  a g a i n  p l o t t e d  f o r  t e s t s  conducted immediately a f t e r  

r e c e i v i n g  t h e  p h o t o v o l t a i c  r e c e i v e r  from OCLI, and f o r  l a t e r  t e s t s  conducted a f t e r  . - 
60-90 days of a c t u a l  outdoor  wea ther in6  of t h e  r e c e i v c r  i n  t h e  collector. Some 

s l i g h t  v a r i a t i o n s  a r e  e v i d e n t  between t h e  e a r l y  d a t a  and t h e  more r e c e n t  d a t a .  . 

However, t h i s  V a r i a t i o n  is a t t r i b u t e d  t o  t h e  use of d i f f e r e n t  i n s t r u m e n t a t i o n  i n  

the two s e r i e s  of t e s t s ,  a s  f u r t h e r  eLuplained below. 

During Chris tmas week, 1978, E-Systems p l a n t  w a s  c losed  and t h e '  

p r o t o t y p e  c o l l e c t o r  w a s  l e f t  unat tended.  During. t h e  week, D a l l a s  exper ienced 

i t s  w o r s t  i c e .  s to rm i n  30 y e a r s  and t h e  e l e c t r i c  power t o  t h e  p l a n t  w a s  d i s r u p t e d  

f o r  a t  l e a s t  s e v e r a l  hours  due t o  downed power l i n e s .  S ince  t h e  t e s t  sys tem uses 6 
e l e c t r i c a l  h e a t i n g  f o r  f r e e z e  p r o t e c t i o n ,  t h i s  power outage allowed s e v e r e  f r e e z i n g  

t o  occur  w i t h i n  t h e  t e s t  loop ,  damaging the  pla t inum r e s i s t a n c e  s e n s o r s ,  t h e  t u r b i n e  

f low mete r ,  and plumbing. I n  January ,  1979, t h e  system w a s  r e p a i r e d  b u r  backup 

d i f f e r e n t i a l  thermocouples had t o  be used i n  p l a c e  of t h e  non-functioning pla t inum 

s e n s o r s ,  and t h e  flowmeter had t o  be r e c a l i b r a t e d  y i , e ld ing  a s l i g h t l y  d i f f e r e n t  

c a l i b r a t i o n  c o n s t a n t .  The d a t a  p o i n t s  shown in. Fi.&rare 3 . l . L l  b c f o r c  and a f t e r  chu 

60-90 day exposure  p e r i o d ,  a l s o  corxesgond t o  be fo r e  and a f t e r  t he  i c e  s to rm and 

ccrnsequrnL change fri i n s t r u m e n t a t i o n .  Thus, t h e  s l i g h t  v a r i a t i o n  i n  t h e s e  two sets 

of  d a t a  is. probably  a t t r i b u t a b l e  to '  exper imenta l  e r r o r  r a t h e r  than t o  p h y s i c a l  

changes i n  t h e  c o l l e c t o r ' s  performance. 

When t o t a l  e f f i c i e n c y  is  p l o t t e d  a s  shown i n  F igure  3.1.11,  t h e  

intercept of t h e  curve  y i e l d s  t h e  c o l l e c t o r  o p t i c a l  e f f i c i e n c y , .  T~F', wherein 
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r is  n e t  l e n s  t r a n s m i t t a n c e ,  ctis c e l l  s ' tack absorp tance ,  and F' i s  r e c e i v e r  thermal  

e f f e c t i v e n e s s . .  For t h e  p r o t o t y p e ,  t h e  curve of F igure  3.1.11 y i e l d s  about 70%. 

The p r e d i c t e d  v a l u e  (Reference 9 )  was: 

Thus t h e  agreement between t h e o r y  and t e s t  is  e x c e l l e n t ,  a l though t h e  s l i g h t l y  

lower v a l u e  measured is presumably due t o  t h e  c e l l  s t a c k  absorp tance  being lower 

than t h e  e s t i m a t e d  35%. 

The s l o p e  of t h e  curve  of F igure  3.1.11 y i e l d s  t h e  c o l l e c t o r  thermal  

l o s s  c o e f f i c i e n t ,  Ul The measured v a l u e  (0.18 ~ t u / h r - f t ~ - ' ~  o r  1 .0  w l m Z o ~ )  

is  s l i g h t l y  h i g h e r  t h a n  p r e d i c t e d ,  b u t  t h i s  e f f e c t  i s  a t t r i b u t e d  t o  wind c u r r e n t s  

e n t e r i n g  t h e  p a r q u e t  l e n s  and i n c r e a s i n g  convec t ive  l o s s e s ,  an e f f e c t . w h i c h  was 

e s p e c i a l l y  n o t i c e a b l e  under h i g h  wind speeds  combined w i t h  high o p e r a t i n g  

t empera tu res .  The p roduc t ion  c o l l e c t o r  should  have a  lower thermal  l o s s .  

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

c o l l e c t o r  was measured f o r  s e v e r a l  c o n d i t i o n s ,  w i t h  t y p i c a l  r e s u l t s  shown 

i n  F i g u r e  3.1.12. Th is  curve  a g r e e s  w e l l  w i t h  t h e o r e t i c a l  e x p e c t a t i o n s .  It 

shou ld  be  notkd t h a t  t h e  p roduc t ion  u n i t  w i l l  have about. 15% h i g h e r  v o l t a g e  l e v e l s  

due t o  53 c e l l s  r a t h e r  t h a n  t h e  46 c e l l s  i n  t h e  p ro to type .  Note t h a t  t h e  s h o r t  

c i r c u i t  c u r r e n t  i s  11 amps, which i n d i c a t e s  a  n e t  f l u x  on t h e  c e l l s  of 11 amps 
2 

w l m  2 
(2033 -) = 22,363 w/m , which i n d i c a t e s  a  l e n s  n e t  f l u x  c o n c e n t r a t i o n  of 

amp 

(22,363/1003) = 22.3 s u n s ,  which i n d i c a t e s  a  n e t  l e n s  t r a n s m i t t a n c e  of 
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A s  p 'resented above, t h e  p r o t o t y p e  t e s t  r e s u l t s  a g r e e  w e l l  w i th  

t h e o r e t i c a l  p r e d i c t i o n s  and v e r i f y  t h a t  t h e  new c o l l e c t o r  performs a t  e x c e l l e n t .  

e l e c t r i c a l  and thermal  e f f i c i e n c y  l e v e l s .  Table  3.1.2 p r e s e n t s  a  d i r e c t  

comparison of p r e d i c t e d  des ign-point  performance ( p r e s e n t e d '  a t  t h e  Hid-Program 

Revlew, ReIerence 3)  and measured performance from t h e  curves  of F i g u r e s  3.1.10 

and 3.1.11 f o r  t h e  d e s i g n  p o i n t  c o n d i t i o n s .  Note t h a t  t h e  e l e c t r i c a l ,  thermal ,  
. - . - . - .  - . .  . - - - 

- - -  - 

and t o t a l  c o l l e c t o r  e f f i c i e n c i e s  measured f o r  t h e  p r o t o t y p e  a g r e e  wi th  t h e o r e t i c a l  

p r e d i c t i o n s  w i t h i n  a  few p e r c e n t .  Such c o r r e l a t i o n  i n d i c a t e s  t h a t  the  optical, 

thermal  and e l e c t r i c a l  p r o c e s s e s  o c c u r r i n g  w i t h i n  t h e  c o l l e c t o r  a r e  w e l l  understood 

and f u l l y  p r e d i c t a b l e .  F i n a l l y ,  t h e  new l e n s  t r a n s m i t t a n c e  was measured t o  be 

h i g h e r  (89%) t h a n  t h e  p r e d i c t e d  g o a l  (85%),  proving t h a t  t h e  new c o n c e n t r a t o r  

can a c h i e v e  e x c e l l e n t  o p t i c a l  performance combined w i t h  extremely s h o r t  f o c a l  

l e n g t h ,  t h e r e b y  p rov id ing  h i g h  e f f i c i e n c y  a t  low c o s t .  

3.1 .3  P h o t o v o l t a i c  Assembly Environmental  Cycl ing T e s t s  

OCLI conducted t h e  fo l lowing  thermal  c y c l i n g  t e s t  o f  E-Systew'  ~arnple 

p h o t o v o l t a i c  r e c e i v e r  module : 

Number o f  c y c l e s :  50 
Extremes . -40" and +90°C 
Rate  o f  Temperature Change: 100°C/hour 
Length of Cycle: 4 hours  
R e s u l t :  The module was i n s p e c t e d  by Q u a l i t y  and Product  Engineer ing 

and no evidence of damage due t o  t h e  exposure was no ted .  



3.1.4 Shading P r o t e c t i o n  & I l l u m i n a t i o n  T r a n s i e n t s  

3.1.4.1 Shading P r o t e c t i o n  

There a r e  two shading c o n s i d e r a t i o n s  t o  be  t aken  i n t o  account :  

1. Because of t h e  r o l l - t i l t  t r a c k i n g  scheme of t h e  system, up 
t o  t h r e e  c e l l s  a t  e i t h e r  end of a  module can be  shaded a t  v a r i o u s  
t imes  of t h e  day and y e a r .  F igure  3 .1 .13.  shows t h e  % l o s s  of 
power a s  a  f u n c t i o n  of l o n g i t u d i n a l  t r a c k i n g  accuracy f o r  t h ~ e e  
c o n f i g u r a t i o n s  of end c e l l s .  I n  t h e  s e l e c t e d  c o n f i g u r a t i o n  of two 
end c e l l s  i n  p a r a l l e l  and bypassed by one d iode ,  t h e  l o s s  
due t o  shad ing  can be  k e p t  t o  l e s s  than 3% f o r  i n c i d e n c e  a n g l e s  

. l e s s  than 5'. A s  d i s c u s s e d  i n  S e c t i o n  2.2.3.1, t h e  annual  
average  inc idence  ang le  is  l e s s  than  4q. 

2. The p o s s i b i l i t y  of a c c i d e n t a l  and t r a n s i e n t  shading w i l l  b e  
handled by one bypass  d iode  around t h e  remaining 47 c e l l s  i n  t h e  
s e r i e s  s t r i n g  of one trough. Under t h e s e  c o n d i t i o n s  t h e  maximum 
r e v e r s e  v o l t a g e  t h a t  can appear  a c r o s s  any one s o l a r  c e l l  i s  
approximately  25 v o l t s ,  w e l l  below t h e  breakdown v o l t a g e  o f  t h e  
c e l l .  When t h a t  p o i n t  is reached t h e  bypass dev ice  w i l l  
t u r n  on and reduce t h e  r e v e r s e  v o l t a g e  a c r o s s  t h e  shaded t rough  
t o  l e s s  t h a n  1 v o l t ' a n d  t h e  c u r r e n t  t o  e s s e n t i a l l y  ze ro .  
The d iode  used w i l l  be  IN1199A type o r  e q u i v a l e n t ,  which a r e  
s p e c i f i e d  a t  12AMP forward c u r r e n t  and 50V PIV. 

3.1.4.2 I l l u m i n a t i o n  T r a n s i e n t s  

The major i l l u m i n a t i o n  t r a n s i e n t  w i l l  be l i g h t n i n g  d u r i n g  s e a s o n a l  

thunder  s to rms .  S ince  i t  is h i g h l y  u n l i k e l y  t h a t  a  l i g h t n i n g  b o l t  would occur  

e x a c t l y  a l i g n e d  wi th  t h e  o p t i c a l  a x i s  of t h e  c o n c e n t r a t i n g  s y s t e n ,  no t r a n s i e n t  

problems wi th  l i g h t n i n g  a r e  a n t i c i p a t e d .  A d d i t i o n a l l y  under s to rm c o n d i t i o n s  t h e  

t r a c k i n g  and c o n t r o l  system w i l l  have stowed t h e  c o l l e c t o r s  i n  t h s  morning s t a r t i n g  

p o s i t i o n  and d i sconnec ted  t h e  load  from t h e  system, s o  i n  t h e  extremely 

u n l i k e l y  c o n d i t i o n  of a  l i g h t n i n g  b o l t  on t h e  e a s t e r n  h o r i z o n ,  e x a c t l y  on t h e  

o p t i c a l  a x i s  of t h e  c o l l e c t o r s , o n l y  an .open  c i r c u i t  v o l t a g e  t r a n s i e n t  would 

be exper ienced.  
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Array M a t e r i a l  Costs  

Array m a t e r i a l  c o s t s  have been accumulated i n  accordance w i t h  t h e  DOE 

g u i d e l i n e s  and a r e  p resen ted  i n  Table  3.1.5.1. It is f e l t  t h a t  t h e  u n i t  v a l u e s  

used a r e  reasonab le  and thus  t h e  c o s t  p i c t u r e  developed therefrom i s  r e a l i s t i c .  
. .. .. 

A s  shown, t h e  bottom l i n e  p r o j e c t e d  m a t e r i a l  c o s t  f o r  t h e  DFW P'hoto- 

v o l t a i c  F r e s n e l  Lens Array is $160.85 p e r  s q u a r e  meter.  Examination of t h e  makeup of  

t h i s  number c l e a r l y  showns t h e  bu lk  of t h e  c o s t  l i e s  i n  t h e  r e c e i v e r ,  i . e .  t h e  photo- 

v o l t a i c  c e l l s  r e p r e s e n t  61% of t h e  c o s t  and t h e  copper h e a t s i n k  is  a n o t h e r  8%. Only 

31% of t h e  t o t a l  c o s t  is i n  t h e  a r r a y  s t r u c t u r a l ,  o p t i c a l  and d r i v e  s e c t i o n s .  However, 

a s  d i s c u s s e d  i n  S e c t i o n s  2.2 and 3.1, both  a n a l y s e s  and t e s t s  i n d i c a t e  t h a t  t h e  new 

l e n s  can ach ieve  h i g h e r  c o n c e n t r a t i o n  r a t i o s ,  and the reby  reduce c e l l  and r e c e i v e r  c o s t s .  

To main ta in  such h i g h e r  c o n c e n t r a t i o n  r a t i o s ,  t i g h t e r  t r a c k i n g  a c c u r a c i e s  and s t i f f e r  

s t r u c t u r e s  w i l l . b e  r e q u i r e d .  Tradeoff s t u d i e s  remain t o  be  done t o  f u l l y  op t imize  

sys tem performance/cost  r a t i o .  Thus t h e  f i g u r e s  p r e s e n t e d  do n o t  r e p r e s e n t  t h e  u l t i m a t e  

c o s t s  of t h e  F r e s n e l  p h o t o v o l t a i c  a r r a y .  

' 

TABLE 3.1 .5 .1  

ARRAY 

Lens 
Module Housing 
Receiver  
Cells & I n t e r c o n n e c t s  
A r r a y , S t r u c t u r e  
Ex t rus ions  
Tubing, I n t e r c o n n e c t s  
Gear Box 
Gears , Chains 
Motors 
Glass  
U s c .  I tems 

TOTALS 
__._I.."_. 

MATERIALS COST PER DOE G,UIDELINES 

Marl. Cost 

.90/ l b  

. 2 5 / l b  
1. 70/1b2 

.25/cm 

. 3 8 / l b  

. 8 5 / l b  
i. 7 0 / l b  
4 .00 / lb  
4 .00 / lb  
3.0011b 
1:20/lb 
' . 5 0 / l b  

~ Y a t e r i a l  

A c r y l i c  
S t e e l  
Copper 2 
8,764 cm 
S t e e l  
Alum. 
Copper 
S c e e l  
S t e e l  - 
Glass  
90% S t e e l  

. - 

~ b s  . /Ar ray  

244.7 
773; 7 
165.0 
: - 

1001.0 
66.8 
34.5 

4.5 
5.0 
7.5 

34.9 
206.4 

2544.0 

$/Array 

220.23 
193.43 
280.50 

2,191.00 
380.38 

56.78 
58.65 
18.00 
20.00 
22.50 
41.90 

103.20 

3,586.57 

$/M2 

9.88 
8.67 

12.58 
98.25 
17.06 

2.55 
2.63 
0 .81 
0.90 
1 . 0 1  
1 .88  

' 4.63 

160.85 



3.2 Power Conditioning, System Control & Switchgear 

In the following subsections, a detailed description of the 

power conditioning unit, system control (consisting primarily of tracking 

control), and electrical switchgear will be presented. Additionally, the 

overall electrical system performanse will be'summarized and the instrumenta- 

tion for monitoring this performance will be described. 

3.2.1 Power Condit ioninq 

E-Systems en,-.lnys a llnirll~* ralution for tho convarclon of photo;= 

voltaic (PV) power to commercial grade 480 VAC 30 4 wire power. The pulse 

* widch modulated iPWMj inverter consisting of six banks of medium power switch- 

ing transistors provides a highly efficient and cost effective design. In 

comparison to standard commercial inverters, the PWM inverter is ten percent 

more efficient at one-fifth the cost for production units. 

The Power Conditioning Unit (PCU) performs the following functions: 
. , 

Supplies stable filtered 3@ 60 HZ power to the test load. 

a Automatically switches from utility line source to PV array 
when FV power p r o d u c t i u u  exceeds parasltlc lusses. 

. . 
o Automatically switches from PV array source to utility line 

when PV power production falls below parasitic losses. 

a Operates in a peak power point tracking mode to maximize PV 
' power production. 

a Provides fault protection and isolation of PV array and utility 
line. 

a Supplies supplemental rectified DC power from utility line to 
maintain inverter input power at constant 2 7 ' K W  level. 

Limits injection of' harmonics. 

Maintains DC ripple constant below 2% of DC input current. 

Power conditioning unit (PCU) specifications are listed in Table 

3.2.1. Figure 3.2.1 illustrates the key components of the PCU as described 
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below. Figure 3.2.2 is a p i c t u r e  of a s imi la r  PCU having a capaci ty of 325 

KVA. PCU s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Table 3.2.1. 

PCU Input Power 
PCU Input  Current 
PCU Input  Voltage 
Overvoltage 
Overcurrent 
PCU Output Voltage 
PCTJ Output KW 
Harmonic Dis to r t ion  
Ripple Current 
I n v e r t e r  Eff ic iency 
R e c t i f i e r  Eff iciency 
Ambient Temperature 
Rela t ive  Humidity 
Pressure 
E l e c t r i c a l  
EM1 

TABLE 3.2.1 

PCU SPECIFICATIONS 

27 KW 
1 0 4  Amps nominal 

200-300 VDC, 260 VDC nominal 
350 VDC Max. 
2OOX rated current  
480/277 VAC 30 60 Hz 4 wire 
26 KW (28 KVA a t  0.93 Power Factor) 
Less than 5% t o t a l ,  1% any one harmonic 
Less than 2% of  DC input  current  
97% a t  27 KW 
Up t o  97.5% . 
-10 + 45°C 
96% non condensing 
520-760 mm Hg 
Conforms to  NEC 
Conform t o  M i l  Std 461-A 

Primary components included i n  che PCU are :  

Inve r t e r  - Transforms PV a r ray  power t n  co~yan t i ann l  AC pnwar. 
Six banks of 58 medium power t r a n s i s t o r s  sharing a 
conrmon input  from t h e  eleven a r rays  a r e  d i s t r ibu ted  
t o  form th ree  l egs  of the  30 60 Hz c i r c u i t .  Faul t  
p ro tec t ion  and ccn t ro l  c i r c u i t s  a r e  included. 

Rec r i f i e r  - Provides DC power t o  the  i n v e r t e r  t o  maintain the  
27 KW input  l e v e l  whenevar the  PV array output  
f a l l s  below 27 KW. Regulated power supp3.y cons i s t s  
of a two s t age  r e c t i f i e r ,  d i o d e  s ~ r t i o n  i n  co r i c s  
wi th  a SCR sec t ion  which provides prec ise  output 
vol tage  control .  

Power Monitor- Control c i r c u i t r y  monitors PV a r r a y  output and 
o r i g i n a t e s  a power s i g n a l  d i r e c t l y  proport ional  t o  
PV a r r a y  power del ivered t o  the  inve r t e r .  Analog 
in t eg ra ted  c i r c u i t s  monitor and compute instan-  
taneous power l eve l s .  

PCU System 
Control - Provides t h e  peak power poin t  t racking con t ro l  

s i g n a l  by sampling instantaneous power l e v e l s  and 
comparing t h e  l a s t  sample with the previous value. 



The voltage regulation contro'l signal commands the 
rectifier to increase or decrease output voltage 
and results in the appropriate adjustment of the 
PV array output voltage to maximize PV array power 
'output.' Analog and digital inte~rated circuits 
generate control signals. 

Switchgear - Contactors and deley relays are used for fault 
protection and switching. 

c. Selection of the switched transistor PWM inverter was based 

on its performance and cost advantages as shown in Table 3.2.2. 

TABLE 3.2.2 1 
PCU COMPARISON CRITERIA 

Standard SCR Transis tor 
Power Inverter Inverter 

Conversion 
Efficiency 

30 KW (0.8 PF) 

Voltage 130 DCl120 AC 260 DCl277 AC 

MTBFIReliability 

Availability 

Equipment Slzel 
Heat Dissipation 

60,000 HR 
commercial unit 

Production 
(Mod Required) 

10,000 HR 
initial units 
produced 

Designed 

.-. 
Production Cost $1275/KW $200/KW 

3.2.1.1 PCU Control 
-. 

PCU control functions are performed within the PCU. Voltage 

regulation provides output voltage independence from PV using input voltage 

variations. Voltage feedback from each inverter output is applied to 'he 

corresponding modulator comparitor. Synchronization of inverter output 

with the power grid, inverter phase angle relationship and inverter frequency 



s t a b i l i t y  is provided by moni to r ing  t h e  power g r i d  w i t h  a  t h r e e  phase con- 

t r o l  t r ans former .  

C o n t r o l  o f .  t h e  i n v e r t e r ' s  s w i t c h i n g  t r a n s i s t o r  is provided by 

t h e  i n v e r t e r  c o n t r o l l e r  l o g i c  c h i p  t h a t  i n t e r f a c e s  modulators .and d r i v e  b u f f e r s .  

It i s  a  s ta te  machine whose n e x t  c l o c k  i n t e r n a l  s t a t e  i s  a  f u n c t i o n  of f o u r  

p r e s e n t  s t a t e  r e g i s t e r s  and 16 a d d i t i o n a l  inpu t s .  Logic compar i to r s  p rov ide  

f a u l t  i n p u t s  t o  t h e  i n v e r t e r  c o n t r o l l e r  f o r  o v e r v o l t a g e  o r  undervol tage 

c o n d i t i o n s  o r  o u t  of limits l o g i c  v o l t a g e .  

C o n t r o l  of r r a n s i s t o r  f a i l u r e  cuuditinns i s  p r ~ v i d c d  by fu5i11g 

e a c h  t r a n s i s t o r .  Load f a u l t s  which p u l l  t h e  t r a n s i s t o r s  o u t  of near  s a t u r a t i o n  

w i l l  i n t e r r u p t  t h e  c o n t r o l  c h i p  and cause  t h e  ou tpu t  s t a g e  t a  b e  momentarily 

t u r n e d  o f f .  Dr ive  is  r e a p p l i e d  w i t h i n  a  few mi l i seconds  s o  t h a t  a  s a f e  

c u r r e n t  l i m i t e d  mode o f  o p e r a t i o n  can  a l l o w  t h e  f a u l t  t o  c l e a r .  .Continua- 

t i o n  of t h e  f a u l t  r e s u l t s  i n  i n p u t  and ou tpu t  c o n t a c t o r s  openin, and PCU 

shutdown. 

S p e c i f i c  c o n t r o l  i n v o l v i n g  e lec t romechan ica l  c o n t a c t o r s  and 

d e l a y  r e l a y s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  3 . 2 . 3 .  

3 .2 .1 .2  Peak Power P o i n t   ricki in^. 
The PV a r r a y  o u t p u t  i s  monitored and t h e  peak power po in t  is 

t r a c k e d  by  a d j u s t i n g  t h e  r e c t i f i e r  o u t p u t  v o l t a g e .  The r e c t i f i e r  v o l t a g e  is 

a  f o r c i n g  f u n c t i o n  t h a t  sets t h e  o p e r a t i n g  v o l t a g e  l e v e l  f o r  t h e  a r r a y .  

F i g u r e  3 . 2 . 3  i l l u s t r a t e s  t h e  power cllrve on whish r e c t i f i e r  v o l t a g e  f o r c e s  

t h e  a r r a y  t o  o p e r a t e .  

D i s c r e t e  l o g i c  p.rovides t r a c k i n g  c o n t r o l  based on a r r a y  power 

which i s  sampled a t  a  one second i n t e r v a l .  Each power l e v e l  measurement is  

compared t o  t h e  las t  v a l u e  and a  v o l t a g e  c o n t r o l  ou tpu t  i s  genera ted .  A s  
. . 

. . 

l o n g  a s  t h e  l a s t  measured power c o n t i n u e s  t o  b e  h i g h e r ,  t h e  c o n t r o l  v o l t a g e  
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w i & l  maintain t h e  same p o l a r i t y  (Arrow A) and cont inues t o  seek the  peak power 

p o i n t  w i t h  a  vo l t age  inc rease .  

Once t h e  measured power i n d i c a t e s  a  reduct ion  from the  l a s t  value,  

(Arrow B) t h e  c o n t r o l  vo l t age  w i l l  r eve r se  i t s  d i r e c t i o n  of change.. This 

i n d i c a t e s  t h a t  t h e  peak power poin t  has been passed. A decreasing r e c t i f i e r  

vo l t age  w i l l  d r i v e  t h e  a r r a y  power production (Arrow C) back t o  i ts  maximum. 

The hunt ing w i l l  cont inue wi th  0.4  v o l t  increment per  second. Normal opera t ions  

c o n s i s t  of an o s c i l l a t i o n  about t he  peak power ,point ti.,t maintains r e c t i f i e r  

vo l t age  wi th in  i. 0.4 v o l t s .  The t r ack ing  c i r c u i t r y  has 256 s t e p s  which can 

be p r e s e t  t o  a  s e l e c t e d  vol tage  increment f o r  f i n e  o r  coarse t r w k i n g .  
- . .  

Using t h e  0.4 v o l t  increment, the  time required t o  . reacqui re  the  peak power 

po in t  would average two minutes where t h e  peak pnwPr point  s h i f t s  t o  a s t h c r  

extreme. A worst case  time would be 4.3 minutes t o  t r a c k  from 200 t o  300 

v o l t s  DC. 

3.2.1.3 Eff ic iency  

a high e f f i c i e n c y  PCU was s e l e c t e d  t o  minimize system p a r a s i t i c  

l o s ses .  This approach is  state-of- the-ar t  and f u r t h e r  improvements a r e  not 

cb r r en r ly  avai labLe,  Tab le  3.2.7 rnnrnins tha pcrwar lsccao o l ~ d  cEf ieiency 

of t h e  i n v e r t e r .  

*The i n v e r t e r  always opera tes  a t  f u l l  load i n  the  DFW Photovol ta ic  system. 
Thus, p a r a s i t i c  l o s s e s  and i n v e r t e r  e f f i c i e n c y  a r e  cons tan t .  

, 

.. 
TABLE 3 . 2 . 3  

INVERTER EFFICIENCY* 

Unit P a r a s i t i c  Losses (Watts) Ef f ic iency  

F u l l  
Load 

I n v e r t e r  540 . 9 8% 

Transformer - 2 70 - 99% 

T o t a l  810 97% 



The i n v & t e r  e f f i c i e n c y  of 97% is  s u b s t a n t i a t e d  by t e s t  d a t a  de r ived  

from a c t u a l  t e s t s  of a  s i m i l a r  i n v e r t e r .  

A c a l o r i m e t e r  t e s t  performed on one of t h e  325 KVA t r a n s i s t o r  

s w i t c h i n g  modules r e s u l t e d  i n  measured h e a t  l o s s e s  of 1 5 1  w a t t s  which was 

e q u i v a l e n t  t o  98.2% e f f i c i e n t .  

F igure  3.2.4  shows t h e  r e c t i f i e r  e f f i c i e n c y  a s  a  f u n c t i o n  of 

r e c t i f i e r  power d e l i v e r e d .  R e c t i f i e r  p a r a s i t i c  l ~ s ses  a r e  shown i n  w a t t s .  

R e c t i f i e r  e f f i c i e n c y  i n c r e a s e s  r a p i d l y  a s  load ing  i n c r e a s e s .  Normal d a i l y  o p e r a t i o n s  

w i l l  r e q u i r e  r e c t i f i e r  o u t p u t s  from zero  up t o  abou t  25 E d  t o  supplement t h e  PV 

a r r a y .  While t h e  r e c t i f i e r  e f f i c e n c y  is  low a t  low power l e v e l s ,  t h e  a c t u a l  power 

l o s s e s  a r e  s m a l l  when compared t o  t h e  t o t a l  power d e l i v e r e d  by t h e  PV a r r a y .  

3.2.2 System Cont ro l  

PV a r r a y  sys tem c o n t r o l  d e s c r i b e s  t h e  s t a r t  up, sun t r a c k i n g ,  s h u t  

down and f a u l t  condit ion: t h a t  a r e  i n c o r p o r a t e d  i n t o  t h e  c o n t r o l  c i r c u i t r y .  C o n t r o l s  

i n t e r n a l  t o  t h e  PCU a r e  d i s c u s s e d  i n  t h e  PCU and Switchgear s e c t i o n .  P rocess  c o n t r o l  

o f  c o o l a n t  f low i s  i n c l u d e d  here .  

3.2.2.1 Track inp  

The t r a c k i n g  system is  designed to  p rov ide  r o l l  a x i s  t r a c k i n g  accuracy  
C 

of - + 0 . 0 5  degrees ,  t i l t  a x i s  accuracy o f  - + 0 . 7 5  degrees  and automated c o n t r o l s  t o  

a l l o w  au tomat ic  r o l l  a x i s  t r a c k i n g  and s a f e  o p e r a t i o n .  

R o l l  a x i s  c o n t r o l  i s  s e l f  s t a r t i n g ,  a c t i v e  t r a c k i n g  and respons ive  .'. 

. . .  
". . - . . 

t o  i n s o l a t i o n  i n t e n s i t y  and f a u l t  c o n d i t i o n s .  T i l t  a x i s  t r a c k i n g  r e q u i r e s  

p e r i o d i c  annua l  ad jus tments  s imul taneous ly  p o s i t i o n i n g  a l l  e l even  a r r a y s  t o  

compensate f o r  t h e  63 degree  v a r i a t i o n  which o c c u r s  over  a  s i x  month p e r i o d .  

F igure  3.2.5 i l l u s t r a t e s  t h e  r o l l  and t i l t  b lock  diagrams. 

3 .2 .2 : l . l  R o l l  h i s  
P 

R o l l  a x i s  t r a c k i n g  c o n t r o l  i s  provided by t h e  t r a c k i n g  and c o n t r o l  
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u n i t  which is mounted on t h e  master  module of each a r r a y .  

The t r a c k i n g  and c o n t r o l  u n i t  p rov ides :  

Automatic start of a r r a y  t r a c k  
One d i r e c t i o n  t r a c k  
B i - d i r e c t i o n a l  s l ew 
R o l l  a x i s  t r a c k i n g  e r r o r  s i g n a l  
Low i n s o l a t i o n  l e v e l  d e t e c t o r  and t r a c k  i n h i b i t  
I n s u f f i c i e n t  i n s o l a t i o n  and r e t u r n  t o  stow s i g n a l  
End of  day r e t u r n  t o  stow s i g n a l  
High temperature  l i m i t  r e t u r n  t o  s tow 
Loss of pump motor r e t u r n  t o  s tow 
Reset  t r a c k i n g  l o g i c  a t  stow i n  p r e p a r a t i o n  f o r  t h e  n e x t  day 

R o l l  a x i s  t r a c k i n g  i s  s i n g l e  d i r e c t i o n  t r a c k  and two d i r e c t i o n  s lew.  

The u n i t  w i l l  i n i t i a t e  t r a c k i n g  and f o l l o w  t h e  sun u n t i l  t h e  end o f  day o c c u r s  and 

a  s tow command is  genera ted .  I n t e r m i t t e n t  c loud cover  w i l l  cause  t h e  i n s o l a t i o n  l e v e l  

d e t e c t o r  t o  g e n e r a t e  a  t r a c k  i n h i b i t  command when t h e  low i n s o l a t i o n  t h r e s h o l d  i s  

v i o l a t e d .  The a r r a y s  w i l l  s t o p  t r a c k i n g  u n t i l  t h e  c loud p a s s e s  and t h e  a r r a y s  re-  

s tar t  and s lew t o  t h e  s u n ' s  new p o s i t i o n .  Extended c loud coverage w i l l  cause  c o l l e c t o r  

t empera tu re  t o  drop *and r e s u l t  i n  rhe  c o o l a n t  pump m o t o r * t o  t u r n  o f f .  I f  t h e  l i g h t  

l e v e l  d e c r e a s e s  below t h e  second t h r e s h o l d  due t o  heavy s t o r m  r e l a t e d  c l o u d s ,  a l l . . .  

a r r a y s  w i l l ' r e t u r n  t o  s tow.  The r o l l  a x i s  motor is  a  f i v e  w a t t  i ns t rument  motor w i t h  

a  s i x  R P M  o u t p u t  speed.  The a r r a y  can be slewed from Eas t  l i m i t  t o  ~ e s " t  l i m i t  (150 
i .; - 

d e g r e e s )  i n  t h i r t y  minutes.  Slew speed i s  f i v e  degrees  p e r  minute which i s  twenty 

. t i m e s  t h e  average t r a c k  speed .  The h igh  s lew speed p rov ides  f o r  r a p i d  r e p o s i t i o n i n g  

of t h e  a r r a y  from stow t o  a  l a t e  s t a r t  p o s i t i o n  up t o  120 degrees  west  of s tow. .  

Limit  s w i t c h e s  a r e  p laced  t o  i n h i b i t  r o l l  a x i s  r o t a t i o n  a t  e i t h e r  end of  

t h e  150' t r a c k .  A p o s i t i v e  i n t e r r u p t i o n  of t h e  c u r r e n t  t o  t h e  t r x k  motor a s  w e l l  a s  

l o g i c  i n t e r r u p t s  t o  the  t r a c k i n g  and c o n t r o l  u n i t  a r e  provided by t h e  limit s w i t c h e s .  

Loca l  c o n t r o l  swi tches  a r e  mounted i n  t h e  r o l l  a x i s  d r i v e  e n c l o s u r e  t o  

a l l o w  an  a r r a y  t o  be taken o f f - l i n e  i n  t h e  r o l l  a x i s .  Once o f f - l i n e ,  t h e  a r r a y  can . . 
. <  . 

b e  manually c o n t r o l l e d  i n  r o l l  independent  o f  t h e  o t h e r  a r r a y s .  A p r o t o t y p e  r o l l  

a x i s  t r a c k i n g  c o n t r o l  u n i t  was t e s t e d  d u r i n g  Phase I and provided * 0.02O t r a c k i n g  
. . .  

accuracy ,  s u b s t a n t i a l l y  b e t t e r  than  r e q u i r e d .  

3.2.2.1.2 T i l t  Axi2 

The t i l t  a x i s  c o n t r o l  sys tem is  manually a c t i v a t e d  by an o p e r a t o r  abou t  



e v e r y  f o u r  days (every two days  n e a r  equinox, every  week n e a r  s o l s t i c e )  t o  r e p o s i t i o n  

t h e  e l e v e n  a r r a y s .  A p o s i t i o n  po ten t iomete r  l o c a t e d  on t h e  master  a r r a y  

p r o v i d e s  p o s i t i o n  feedback d a t a  t o  t h e  analog d i s p l a y  mete r ,  on t h e  

o p e r a t o r ' s  c o n s o l e  c o n t r o l  p a n e l  

The t i l t  a x i s  i s  d r i v e n  by a  1/15 horsepower 30 RPM gear  motor, 

which p r o v i d e s  f u l l  travel of 64.5 degrees  i n  30 minutes .  

Each a r r a y ' s  d r i v e  motor is  c o n t r o l l e d  by two l a t c h i n g  r e l a y s ,  one f o r  up 

and one f o r  t h e  down d i r e c t i o n .  The r e l a y s  a r e  l o c a t e d  i n  t h e  pane l  box 

a t  t h e  b a s e  of t h e  a r r a y .  The box a l s o  c o n t a i n s  l o c a l  c o n t r o l  swi tches  f o r  

i s o l a t i n g  t h e  a r r a y  and manually p o s i t i o n i n g  t h e  a r r a y  i n  t i l t .  Simultaneous 

c o n t r o l  o f  t h e  e leven  a r r a y s  is e x e r c i s e d  by a  s i n g l e  s e t  of l a t c h i n g  r e l a y s  

a t  t h e  c o n t r o l  s t a t i o n .  One r e l a y  p rov ides  up c o n t r o l  and one p rov ides  down 

c o n t r o l .  E i t h e r  r e l a y  l a t c h e s  and ho lds  u n t i l  manually i n t e r r u p t e d  by t h e  

. . 
opera- tor  d e p r h s s i n g  tfie o f f  button.-- The t i l t  a x i s  'drive.  hardware is  duphi-. 

c a t e d  f o r  each o f  t h e  e l e v e n  a r r a y s .  Only t h e  master  a r r a y  has  t h e  ti-lt 

a x i s . p o s i t i o n  t r a n s d u c e r - f o r  p o s i t i o n i n g  c o n t r o l .  
I 

The master  a r r a y ' s  p o s i t i o n  t r a n s d u c e r  p rov ides  an analog v o l t a g e  

p r o p o r t i o n a l  t o  t h e  a r r a y ' s  p o s i t i o n .  The t r a n s d u c e r  i s  a  s i n g l e  t u r n  pocen- 

t i o m e t e r  w i t h  5 VDC a p p l i e d  a c r o s s  t h e  f u l l  po ten t iomete r .  An o u t p u t  of 

0-1 VDC r e p r e s e n t s  64.5 degrees  of t r a v e l  which w i l l  i n d i c a t e  f u l l  s c a l e  on 

t h e  t i l t  a n g l e  p a n e l  meter .  The p a n e l  meter has twelve months and days of 

t h e  month a n n o t a t e d  a c r o s s  t h e  meter  f a c e  so t h a t  182 d i v i s i o n s  r e p r e s e n t  

t h e  maximum range  of t h e  t i l t  a x i s .  The n o n - l i n e a r i t y  of t h e  e l e v a t i o n  

t r a c k  between s o l s t i c e s  w i l l  b e  compensated f o r  by  l ayou t  of t h e  meter f a c e  

s c a l e .  P o s i t i o n  accuracy  i s  w i t h i n  0.75 degrees .  

R e p o s i t i o n i n g  of t h e  m a s t e r  a r r a y  t i l t  i s  done by manually p u l s i n g  

( e n e r g i z i n g )  t h e  t i l t  a x i s  motor i n  t h e  up o r  down d i r e c t i o n  u n t i l  t h e  t i l t  

a x i s  p o s i t i o n  mete r  i n d i c a t e s  t h e  a p p r o p r i a t e  day of t h e  ye,ar. A l l  a r r a y  

t i l t  a x i s  d r i v e  motors o p e r a t e  from t h e  same c o n t r o l  r e l a y  which p rov ides  



e l e c t r i c a l  s l a v i n g  o f  a l l  a r r a y s .  P o s i t i o n  e r r o r s  which accumulate o v e r  extended 

per iods  of t ime a r e  removed when t h e  a r r a y s  a r e  r e t u r n e d  t o  t h e  p r e a l i g n e d  stow 

p o s i t i o n .  

A wind s e n s o r  mounted wi th  t h e  weather s t a t i o n  p rov ides  a  c o n t a c t  

c l o s u r e  w i t h  a  wind speed exceeding 4 5  MPH (20 mps). Th i s  swi tch  a c t i o n  w i l l  a c t i v a t e  

t h e  t i l t  a x i s  d r i v e  motor t o  move t h e  a r r a y s  t o  t h e  t i l t  a x i s  stow. , 

3.2.2.2 Process  Cont ro l  

The c o o l a n t  pump is inc luded  i n  t h e  contro~l~Qy~sreml---The one horse- 

power 480 VAC 30 motor is a c t u a t e d  from t h e  c o n t r o l  pane l .  A motor c o n t a c t o r  

p rov ides  a  l o s s  of power s i g n a l  t o  t h e  t r a c k  and c o n t r o l  u n i t  of each a r r a y .  When 

a c t i v a t e d ,  a l l  a r r a y s  d r i v e  t o  stow. The master a r r a y  has  a  t empera tu re  s e n s i t i v e  

swi tch  l o c a t e d  on one module's r e c e i v e r .  4 r i s e  i n  r e c e i v e r  t empera tu re  above 

100°F w i l l  a c t i v a t e  t h e  c o o l a n t  pump motor, whi le  a  drop i n  r e c e i v e r  temperature  

. . 
below 90°F w i l l  s h u t  o f f  t h e  pump motor. 

3.2.3 Switchgear  

Standard e lec t romechan ica l  power swi tchgear  is  used t o  t r a n s f e r  

load  between a r r a y  and u t i l i t y  power g r i d .  I s o l a t i o n  of t h e  PV a r r a y  from che 

u t i l i t y  power g r i d  and p r o t e c t i o n  from u t i l i t y  load  and PCU f a u l t s  a r e  provided.  

Delay r e l a y s  p r o t e c t  a g a i n s t  r e s t a r t  f a u l t s .  AC load swi tch ing  

is '"make before break"  LU p r o v i d e  coa t inuous  o p e r a t i o n s .  

A l l  swi tchgear  is  inc luded  i n  t h e  PCU wi th  t h e  Eollowing e x c e p t i o n s :  

480 VAC' 30 l i n e  c i r c u i t  b r e a k e r s  
260 VDC a r r a y  c i r c u i t  b r e a k e r s  
s o l i d  s t a t e  b lock ing  d iodes  ' 

E l e c t r i c a l  System. P a r a s i t i c  Losses 

I n  a d d i t i o n  t o  t h e  p a r a s i t i c  l o s s e s  of t h e  PCU, a d d i t i o n a l  l o s s e s  a r e  

i n h e r e n t  i n  the' system. Table  3.2.4 c o n t a i n s  t h e  l o s s e s  e s t i m a t e d  Eor D F . ? .  
. . 

3.2 .5  I n s t r u m e n t a t i o n  
. . .  . , 

The PCU is ins t rumented  t o  monitor power, i n t e g r a t e d  power, c u r r e n t  

and v o l t a g e  a s  i l l u s t r a t e d  i n  F igure  3 .2 .6 .  Measurement t r a n s d u c e r s  a r e  



TABLE 3.2.4 

PARASITIC LOSS 
% 

Peak 
Loss Array 

Source  Remarks (Watts)  Power 

Wiring E s t  484 f t .  # 10 copper w i r e  418 1 .5  

Blocking d i o d e s  11 d i o d e s  0.6 VDC a t  9.4 AMP 6 2  0.2 
- 

Transformer  5 0 0 .2 '  

nelay 26 ~ c l a g r o   it 3 watch 7 9 0 . 3  
- .  . - - -  

Power - supp l ies  2 u n i t s  9 5 0 .5  
, . . . .- 

' Track motors  11 t i l t  and r o l l  motors 3 0.01 

Coolant.  pump 
LUO L 0.r. Vcndar data - 600 - 2.2  

T o t a l  1306 4.91 

l o c a t e d  i n  t h e  moni tor  p a n e l  and p rov ide  c o n t r o l  s i g n a l s  t o  t h e  d a t a  l o g g e r  

and f o r  p r e s e n t a t i o n  on t h e  d i s p l a y  pane l .  Transducers  a r e  a c c u r a t e  t o  

0.5%. A l l  t r a n s d u c e r s  a r e  o f f  t h e  s h e l f  commercial dev ices .  
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FIGURE 3.2.6. ELECTRICAL SYSTEM INSTRUMENTATION ' 



Thermal System 

The thermal  system is  a s imple  r e c i r c u l a t i o n  loop through which a  

30% e t h y l e n e  g l y c o l l w a t e r  s o l u t i o n  c i r c u l a t e s ,  absorb ing  thermal  energy  i n  t h e  

c o l l e c t o r  f i e l d ,  t r a n s f e r r i n g  t h e  energy c o l l e c t e d  through a b o i l e r  f eedwate r  
. . .- . 

h e a t  exchanger ,  and then r e t u r n i n g  t h e  f l u i d  t o  t h e  c o l l e c t o r  f i e l d .  The the rmal  

t r a n s f e r  p o r t i o n  of t h e  c i r c u l a t i o n  loop is  shown s c h e m a t i c a l l y  i n  F igure  3.3.1. 

A h e a t  exchanger module which i n c l u d e s  t h e  pump, b o i l e r  

feedwater  h e a t  exchanger,  over- temperature  h e a t  exchanger,  expansion t ank ,  

c o n t r o l s  and i n s t r u m e n t a t i o n  h a s  been designed and w i l l  be l o c a t e d  i n  t h e  basement 

of t h e  C e n t r a l  U t i l i t y  F a c i l i t y  a t  t h e  DFW a i r p o r t .  A l l  components a r e  e x i s t i n g ,  

o f f - the -she l f ,  s h o r t  lead-time procurement i t ems  t h a t  have been used i n  

hydron ic  systems f o r  many y e a r s .  Major components, p i p i n g  and i n s u l a t i o n  system 

and i n s t r u m e n t a t i o n  a r e :  

Pump - a one-horsepower B e l l  and G o s s e t t  S e r i e s  1522-12 c e n t r i f u g a l  
pump prov ides  t h e  r e q u i r e d  pumping head a t  t h e  d e s i g n  f low r a t e  
(6250 k g / h r ) .  O v e r a l l  motor-pump e f f i c i e n c y  is 44% a t  o p e r a t i n g  
p o i n t .  

B o i l e r  Feedwater Heat Exchanger - a s i n g l e  p a s s ,  coun te r f low 
shel l -and- tube Bell and G o s s e t t  h e a t  exchanger ,  two i n  s e r i e s ,  
model STH-630-1. A t  d e s i g n  c o n d i t i o n s ,  o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t  (UA produc t )  i s  12000 wI0C; p r e s s u r e  drops  a r e  7 p s i  
f o r  g l y c o l  s o l u t i o n  and 1 p s i  f o r  feedwater .  

. . 

Over-Temperature Heat Exchanger - a s i n g l e  u n i t  a s  d e s c r i b e d  f o r  
t h e  b o i l e r  feedwater  h e a t  exchanger above. 

Expansion Tank - s i z e d  f o r  f l u i d  thermal  expansion and system 
o p e r a t i n g  p r e s s u r e  range.  80 g a l .  ASNE code p r e s s u r e  tank.  , 
125 p s i  working p r e s s u r e .  Maximum tempera tu re  450°F. Manu- 
f a c t u r e d  by Thrush Produc t s ,  Inc .  

P ip ing  - s i z e s  s e l e c t e d  t o  minimize pumping head requirements  
. and t o  evenly  d i s t r i b u t e  f l o w  t o  11 a r r a y s .  Nominal 2  i n  (5 cm) 

type M hard .copper  tub ing  from c o l l e c t o r  f i e l d  t o  h e a t  exchanger 



FIGURE 3.3.1 FL UI'D/TkI€RMA L TRANSPORT SYSTEA4 



rack. Nominal 2 in (5 cm) carbon steel AS= A-106 Grade B pipe 
throughout heat exchanger module assembly. Total pressure drop 
through manifold piping and arrays is 15 psi. 

Insulation - Johns-Manville Plicro-Lok 650 fiber glass insula- 
tion with aluminum jacket for exterior environmental protection. ... 
Nominal 3 in. (8 cm) froin collector field to heat exchanger 
module; nominal 2 in (5 cm) from heat exchanger module to 
collector field. On annual basis piping thermal losses ark ' 

only. 3 1/22 of net heat collected. 

e Instrumentation - Thermocouples and resistance temperature 
sensors (RTD) located throughout.co1lector field and thermal system 
to measure fluid temperature. For all energy balance. measurements 
the RTD and thermocouples will be used in a differential mode 
to measure inlet to outlet temperature differences across major 
components. 'In differential mode RTD's provide 0.02OC accuracy 
while thermocouples provide O.l°C accuracy. For absolute 
temperature measurements these accuracies are 0.5OC for RTD's 
and 1°C for the thermocouples. Specially calibrated turbine 
flowmeters will be used which have accuracies of 0.5% of flow. 
Semiconductor pressure transducer will be used with accuracies, 
of 1% of pressure. 



EWIRONMBNTAZ, ASSESSNENT AND 'IMPACT 

The p h o t o v o l t a i c  sys tem proposed f o r  DFW A i r p o r t  w i l l  be p laced  

on t h e  c e n t r a l  u t i l i t y  p l a n t  ' i n  t h e  c e n t e r  of t h e  t e r m i n a l  a r e a  of t h e  a i r p o r t .  

The immediate environment,  t h e r e  f b r e ,  i s  s e c u r e ,  of l i m i t e d  a c c e s s ,  and 

popula ted  'wi th  p r o f e s s i o n a l s  and s k i l l e d  l a b o r  who w i l l  be knowledgeable .of 

t h e  sys tem and' i t s  'purpose.  The on ly  chemical  component used in t h e  sys tem 
. . 

is  a w a t e r  s o l u t i o n  of e t h y l e n e  g l y c o l ,  o r  a n t i f r e e z e  which is a n o n v o l a t i l e  

compound o f ' v e r y  low t o x i c i t y  which i s  used in a c l o s e d  h e a t  exchanger sub- 

sys tem,  No emiss ions '  t o  the atmosphere w i l l  ncc l i r  d l r i n g  nnrmnl ~ p e s a t i o n  

and a c c i d e n t a l  l eakage  and s p i l l a g e  of t h i s  s o l u t i o n  can be c leaned  up and 

d i s p o s e d  of w i t h  no l o s s  ' t o  t h e  environment.  

DFW A i r p o r t  h a s  been designed ko emphasize its f u n c t i o n a l  a s p e c t s . .  

The l andscape  is  d o t t e d  w i t h  m a n i f e s t a t i o n s  of t h i s  f u n c t i o n a l i t y .  Radar 

Antennas,  C o n t r o l  Towers, Power l i n e s ,  and t h e  e l e c t r i f i e d  t r a c k s  of t h e  

a u t o m a t i c  peop le  mover, A i r  Trans ,  a r e  a l l  p a r t  of t h e  l o c a l  environment.  

The proposed p h o t o v o l t a i c  sys tem w i l l  f i t  i n t o  and become a compat ible  

p a r t  o f  t h i s .  

The one a r e a  of environmental  s e n s i t i v i t y  could  be  t h e  power 
1 

i n v e r t e r  which w i l l  c o n v e r t  t h e  D . C .  power genera ted  by t h e  p h o t o v o l t a i c  

sys tzm t o  60  c y c l e  A.C. power s u i t a b l e  f o r  use  i n  t h e  c e n t r a l  u t i l i t y  p l a n t .  

The s o l i d  s t a t e  power d e v i c e s  used i n  t h i s  subsystem w i l l  be swi tch ing  on 

and o f f  d u r i n g  normal o p e r a t i o n  and w i l l  g e n e r a t e  harmonics of t h e  fundamental  

f requency w h i c h ,  i f  u n c o n t r o l l e d  and  powerful  enough, could  i n t e r f e r e  w i t h  

one o r  more of t h e  r a d i o  f requency communication systems a t  t h e  a i r p o r t .  



This environmental factor has been considered in the design of 

the inverter subsystem, which will conform to the military specification 

MIL-S-461-A. Xeasurements of RFI will be made on the system and if necessary .t"L.. , - % -  

. . 

additional precautions will be taken to reduce these emissions ,below the 

level of sensitivity. No problems in controlling this environmental factor 

are anticipated. 

In general then, the proposed.photovoltaic system at DFW Airport 

will have minimal or no impact on the local surrounding but will'be readily 

integrated into, and become a compatible part of, that environment. 
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