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SECTION I 

INTRODUCTION 

The e l e c t r i c a l  power o u t p u t  of p h o t o v o l t a i c  s o l a r  c e l l  modules 
i s  dependent  upon t h e  o p e r a t i n g  t e m p e r a t u r e  o f  t h e  c e l l s ,  and d e c r e a s e s  

a t  a  r a t e  of approx imate ly  0.5% p e r  OC w i t h  i n c r e a s i n g  c e l l  temper- 

a t u r e .  Because o f  t h i s  t e m p e r a t u r e  s e n s i t i v i t y ,  i t  i s  i m p o r t a n t  t o  

unders tand  t h e  t h e r m a l  c h a r a c t e r i s t i c s  o f  modules s o  t h a t  modules 
and t h e i r  s u p p o r t i n g . s t r u c t u r e s  can  be  des igned  t o  r e d u c e  c e l l  temper- 

a t u r e  t o  t h e  e x t e n t  t h a t  i t  is  c o s t - e f f e c t i v e .  An u n d e r s t a n d i n g  of 
module o p e r a t i n g  tempera.ture c h a r a c t e r i s t i c s  i s  a l s o  n e c e s s a r y  t o  a l l o w  
a c c u r a t e  p r e d i c t i o n  of modul'e power o u t p u t  under  f i e l d  o p e r a t i n g  
condi t ions- , '  and t o  a l l o w  a c c u r a t e  comparison o f  t h e  f i e l d  e l e c t r i c a l  

performance of d i f f e r e n t  module d e s i g n s .  

The a c t i v i t y  d e s c r i b e d  i n  t h i s  r e p o r t  was conducted th roughout  

1977 and d u r i n g  t h e  f i r s t  h a l f  of 1978, as a p a r t  o f  t h e  Engineer ing  
Area of t h e  J P L  Low-Cost S o l a r  Array (LSA) P r o j e c t .  T h i s  r e p o r t  is  . . 

a  follow-up of t h e  f i r s t  the rmal  r e p o r t  (Refe rence  1 )  and c o v e r s  a l l  
t h e  t h e r m a l  a c t i v i t y  i n  t h i s  i n t e r i m  p e r i o d .  The b u l k  of t h e  t e s t i n g  
h a s  been t h e  c h a r a c t e r i z a t i o n  o f  twenty-nine  modules a c c o r d i n g  t o  t h e i r  
nominal o p e r a t i n g  c e l l  t e m p e r a t u r e  (NOCT) and t h e  e f f e c t  on NOCT of 

changes  i n  module d e s i g n ,  v a r i o u s  r e s i d e n t i a l  roof  mounting c o n f i g u r a -  
t i o n s ,  and d i r t  accumula t ion .  

' Other  tests,  o f t e n  performed p a r a l l e l .  w i t h  t h e  NOCT measurements,  
e v a l u a t e d  t h e  improvement i n  e l e c t r i c a l  performance by c o o l i n g  t h e  
modules w i t h  w a t e r  and by c h a n n e l i n g  t h e  waste h e a t  i n t o  a phase  change 
m a t e r i a l  (wax). E l e c t r i c a l  d e g r a d a t i o n  r e s u l t i n g  from t h e  n a t u r a l  

m a r r i a g e  of p h o t o v o l t a i c  and s o l a r  w a t e r  h e a t i n g  modules was a l s o  

demonstra ted.  Cost  e f f e c t i v e n e s s  of each of t h e s e  t e c h n i q u e s  a r e  
e v a l u a t e d  i n  l i g h t  of t h e  LSA,cost  g o a l  of $0.50 p e r  w a t t .  



SECTION I1 

TESTING APPROACH AND ORGANIZATION 

The t e s t  program d u r i n g  t h e  p e r i o d  covered i n  t h i s  r e p o r t  h a s  

had two o b j e c t i v e s .  . I n c r e a s i n g  our  u n d e r s t a n d i n g  of module t h e r m a l  
p,erformance s o  t h a t  coo le r - runn ing  modules can  be  des igned  c o n t i n u e s  

t o  be  t h e  main o b j e c t i v e .  Secondly,  o b t a i n i n g  t h e  i n f o r m a t i o n  t o  more 
a c c u r a t e l y  e v a l u a t e  t h e  c o s t  e f f e c t i v e n e s s  of p o t e n t i a l l y  p romis ing  
t e c h n i q u e s  (which could  u t i l i z e  t h e  p h o t o v o l t a i c  module i n  e s s e n t i a l l y  

i t s  p r e s e n t  form) h a s  become a  s i g n i f i c a n t  p a r t  of t h e  t h e r m a l  test 
program. Examples of promising t e c h n i q u e s  e v a l u a t e d  d u r i n g  t h i s  p e r i o d  
a r e  a  wa te r  cooled module, a  module w i t h  a phase  change m a t e r i a l ,  and 

t h e  combinat ion of a  p h o t o v o l t a i c  module and a  s o l a r  w a t e r  h e a t i n g  

module. 

The n a t u r a l  l i g h t  t e s t  p rocedure  f o r  d e t e r m i n i n g  t h e  nominal 
o p e r a t i n g  c e l l  t e m p e r a t u r e  (NOCT), which was d i s c u s s e d  i n  t h e  f i r s t  
t h e r m a l  s t u d y  (Refe rence  l), h a s  been u t i l i z e d  e x t e n s i v e l y  and h a s  
proven t o  be  a n  e x c e l l e n t  t o o l  f o r  u n d e r s t a n d i n g  and c h a r a c t e r i z i n g  
t h e  the rmal  performance of t h e  v a r i o u s  modules. During t h i s  p e r i o d ,  
t h e  concep t  of NOCT h a s  ga ined  i n c r e a s e d  a c c e p t a n c e ,  and t h e  r e s u l t s  
of t h e s e  d e t e r m i n a t i o n s  p r o v i d e  a n  impor tan t  c h a r a c t e r i z a t i o n  of 

module performance.  Because of t h e  b l o c k  procurements  and t h e  p a r a l l e l  
R&D procurements ,  t h e  NOCT e f f o r t  i s  a  c o n t i n u i n g  one.  NOCT-related 

tests a r e  d i s c u s s e d  i n  S e c t i o n  I V .  

S i n c e  t h e  d a t a  sys tem f o r  NOCT h a s  been automated,  .o the r  t e s t s  

a r e  o f t e n  c a r r i e d  o u t  i n  a  p a r a l l e l  mode. For t h e  most p a r t ,  t h e s e  

' ' o the r  t e s t s "  a r e  the rmal  i n  n a t u r e .  However, measurement o f  t h e  e l e c t r i -  
c a l  performance dur2ng t h e  day o r  around s o l a r  noon i s  o f t e n  r e q u i r e d  
t o  e v a l u a t e  a  c o n f i g u r a t i o n  o r  a p a r t i c u l a r  e f f e c t .  Many of t h e s e  

t e s t s  s u p p o r t  needs  i d e n t i f i e d  i n  t h e  e n g i n e e r i n g  o r  sys tem a r e a .  
"Other tests" a r e  d i s c u s s e d  i n  S e c t i o n  V .  

The amount of a n a l y s i s  u n d e r t a k e n  d u r i n g  t h i s  has beer1 
. minimal and of "back-of-envelope" c a l i b e r .  I f  a n  approx imat ion  of 

performance i n d i c a t e s  a  promising c o n c e p t ,  i t  i s  more e x p e d i e n t  t o  
b u i l d  and t e s t  t h e  c o n f i g u r a t i o n  t h a n  t o  c a r r y  o u t  a  d e t a i l e d  computer- .  
t y p e  a n a l y s i s .  The f l e x i b i l i t y  of t h e  d a t a  sys tem,  t h e  l a r g e  number 
and v a r i e t y  of modules a v a i l a b l e ,  and t h e  v a r i o u s  J P L  shop f a c i l i t i e s  

e n a b l e  t h i s  d e s i r a b l e  o p e r a t i n g  mode. Moreover, t h i s  approach is i n  
conformi ty  w i t h  t h e  a c c e l e r a t e d  d e s i g n  of t h e  LSA program. 



SECTION I11 

TEST HARDWARE AND INSTRLJMENTATION 

The NOCT h a s  been measured on a l l  of t h e  modules shown i n  F i g u r e s  

3 - 1 . t h r o u g h  3-4. The Block I modules ( F i g u r e  3-1) were o b t a i n e d  i n  t h e  
f i r s t  JPL procurement and a r e  r e p r e s e n t a t i v e  o f  o f f - t h e - s h e l f  modules 
produced a t  t h e  s t a r t  of  t h e  LSA program. The Block I1 modules ( ~ i g u r e  

3-2) a r e  t h e  f i r s t  modules purchased which were c o n s t r u c t e d  a c c o r d i n g  
t o  JPL s p e c i f i c a t i o n .  A s  t h e  name i m p l i e s ,  t h e . B l o c k  11 minimodules a r e  
s m a l l e r  v e r s i o n s  of t h e  Block 2 modules and a r e  used mainly  f o r  test  
purposes .  S e v e r a l  modules ( F i g u r e  3-4) have become a v a i l a b l e  a s  a n  
outgrowth of t h e  v a r i o u s  r e s e a r c h  and development t a s k s .  

It i s  obvious  from F i g u r e s  3-1 through 3-4 t h a t  t h e  module 'con- 
s t r u c t i o n  v a r i e s  s i g n i f i c a n t l y .  B a s i c a l l y ,  t h e  s o l a r  c e l l s  are i n t e r -  

connected e l e c t r i c a l l y ,  and a r e  c o n t a i n e d  by a n  e n c a p s u l a n t  between a  
cover  and a  s u b s t r a t e .  T a b l e  3-1 summarizes t h e  m a t e r i a l s  used i n  t h e  
c o n s t r u c t i o n  of each of t h e  modules. Also inc luded  i n  T a b l e  3-1 a r e  

t h e  JPL modif ied modules. Each of t h e s e  modules i s  a m o d i f i c a t i o n  of 
a  Block I ,  Block 11, o r  R&D module. I n  each  c a s e  t h e  m o d i f i c a t i o n . w a s  

r e q u i r e d  t o  demons t ra te  t h e  e f f e c t  of a  s p e c i f i c  change i n  t h e  module 

on the rmal  performance.  These modules a r e  d i s c u s s e d  i n  more d e t a i l  i n  

S e c t i o n  I V .  

B. TEST SETUP 

. A l l  t e s t s  were performed a t  JPL i n  t h e  t h e r m a l  test  a r e a s  

l o c a t e d  o n , t h e  roof  of B u i l d i n g  248. The t e s t  s i t e  meets  t h e  r e q u i r e -  
ments of t h e  NOCT t e s t  p rocedure .  F i g u r e  .3-5 i s  a photograph o f  t h e  

t e s t  a r e a .  The s i t e  o f f e r s  an  u n o b s t r u c t e d  view of  t h e  sun  f o r  more 
t h a n  e i g h t  hours  pe r  day th roughout  t h e  y e a r .  

Each module i s  p a r t  of a  1.22m x 1.22m (4 f o o t  s q u a r e )  a r r a y , ,  
which c o n s i s t s  of o t h e r  modules o r  b l a c k  aluminum p a n e l s .  The a r r a y  

a t t a c h e s  t o  a  s t a n d  ' t h a t  c a n  be  p o s i t i o n e d  t o  any t i l t  a n g l e  between 
0" and 90" .  Adjustments of t h e  t i l t  a n g l e  a r e  made p e r i o d i c a l l y  t o  
meet t h e  r e q u i r e d  '5" n o r m a l i t y  t o  t h e  sun  a t  s o l a r  noon. 

C .  INSTRUMENTATION 

F i g u r e  3-6 shows t h e  Eppley Pyranometer used t o  measure t h e  
t o t a l  s o l a r  i r r a d i a n c e .  The i n s t r u m e n t  i s  mounted i n  t h e  p l a n e  of 

t h e  a r r a y .  



A photograph of t h e  MRI Mark I11 Vector  Vane Sensor  i s  shown i n  
F i g u r e  3-7.   he i n s t r u m e n t  p r o v i d e s  b o t h  wind d i r e c t i o n  and wind. 
s p e e d .  It i s  p o s i t i o n e d  a t  t h e  l e v e l  of t h e  a r r a y s .  ' . 

F i g u r e  3-8 i s  a  photograph of t h e  ven ted  box which houses  t h e  
thermocouple f o r  measurement of t h e  l o c a l  a i r  t e m p e r a t u r e .  The a i r  ., 

t empera tu re  moni to r  hangs from t h e  back s i d e ' o f  t h e  a r r a y  s u p p o r t  
s t r u c t u r e .  The measurement i s  made i n  t h e  shadow of t h e  a r r a y  and 
approx imate ly .  a t  i t s  c e n t e r .  

. , Ch.rome1-constantan thermocouples  a r e  used.  T h i r t y - s i x  gage w i r e  

. . is  used t o  , m o n i t o r  t h e  c e l l  t empera tu re  and twenty-s ix  gage w i r e  i s  
used f o r  a l l  o t h e r  thermocouples .  

The v a r i o u s ,  i n s t r u m e n t a t i o n  s i g n a l s  are processed  by t h e  IDAC 

( I n t e g r a t e d  Data A c q u i s i t i o n  and Control) sys tem.  Every two minu tes  
a l l  d a t a  is  r e a d  o n t o  magneti 'c t a p e  f o r  non-real - t ime p r o c e s s i n g  by 
t h e  Univac 1108 computer.  R e a l - t i m e , p r i n t o u t  and d i s p l a y  are prov ided  
a t  t h e  IDAC c o n s o l e .  S o l a r  i n t e n s i t y ,  wind v e l o c i t y ,  and o t h e r  

channe l s  a r e  moni tored c o n t i n u o u s l y  on X-Y p l o t t e r s .  

Univac 1108 p r o c e s s i n g  i n c l u d e s  a  t ime  t a g  p r i n t o u t  of a l l  t h e  
channe l s  p l u s  p l o t t i n g  of s e l e c t e d  c h a n n e l s .  F i g u r e s  3-9 through 3-13 
a r e  t y p i c a l  of t h e  p l o t t e d  d a t a  p rov ided  by t h e  1108 sys tem.  F i g u r e s  
3-9 through 3-12 summarize t h e  environment ( t o t a l  s o l a r  i n t e n s i t y ,  a i r  
t e m p e r a t u r e ,  wind speed and d i r e c t i o n )  d u r i n g  t h e  t e s t  p e r i o d .  
~ i ~ u r e . 3 - 1 3 ' i s  a  p l o t  of t h e  d i f f e r e n c e  between c e l l  t e m p e r a t u r e  and 
a i r  t empera tu re  a s  a  f u n c t i o n  of s o l a r  i n t e n s i t y  f o r  b o t h  t h e  morning 
and a f t e r n o o n .  The c u r v e  fo rmats  e n a b l e  a q u i c k  d e t e r m i n a t i o n  of t h e  
NOCT. With t h e  p r e s e n t  sys tem,  up t o  n i n e t e e n  modules can  b e  moni tored 
s i m u l t a n e o u s l y ,  and a d d i t i o n a l  growth p o t e n t i a l  e x i s t s  w i t h  t h e  v e r y  
f l e x i b l e  IDAC system.  

F i g u r e  3-11 i l l u s t r a t e s  one of t h e  IDAC sys tem c a p a b i l i t i e s .  
The sys tem p r o v i d e s  a  con t inuous  four -minu te  a v e r a g i n g  of t h e  wind 
speed.  ~ d d i t i o n a l  s t u d i e s  of t h e  e f f e c t s  of wind w i l l  b e  r e q u i r e d ;  
however, as Fig1.1re 3-1.1. vi .v id ly  i l l u s t r a t e s ,  a v e r a g i n g  of t h e  wind 
d a t a  i s  a  s i g n i f i c a n t  a i d  t o  i n t e r p r e t i n g  t h e  wind speed .  



Table 3-1. Module.Characteristics 

No. 

1 

2 

3  

4  

5  

6  
7  

8  
9  

1 0  
11 

1 2  

1 3  

14 

1 5  

1 6  

17 

1 8  

19 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

Module 

Block. I 

S p e c t r o l a b  

Sensor  Tech 

S o l a r e x  . 

S o l a r  Power 

M-7 

Block 1 1  and Mini . 

. S p e c t r o l a b  

(Mini )  

Sensor  Tech 
(Mini) 

S o l a r e x  
(Mini) 

S o l a r  Power 

, (Mini) 

RLD - 
EOS (Xerox) 

Lockheed 

Motorola  

S e n s o r  Tech Iligh 

OCLI 

S o l a r  Tech I n t .  

Arco S o l a r  Inc .  

S o l a r e x  (Blk 111) 

JPL Modif ied  

S o l a r e x  I  (No. 3)  

S o l a r  Power I (No. 4)  

S e n s o r  Tech I  

EOS (Xerox). (No. 14)  

N-7 (No. 5 )  

M-7 (No. 26) 

S p e c t r o l a b  Mini  (No. 7)  

S o l a r  Power I  (Yo. 23) 

. Cover 
M a t e r i a l  

G l a s s  

S y l g a r d  

S y l g a r d  

S y l g a r d  . 

P l e x i - g l a s  - 

G l a s s  
C l a s s  

.RTV 615 
RTV 615 

RTV 
RTV 

S i l i c o n e  C o a t i n g  

S i l i c o n e  C o a t i n g  

G l a s s  

C l a s s  

C l a s s  

R N  615 

C l a s s  

G l a s s  

G l a s s  

R N  

S y l g a r d  

S y l g a r d  

Sy l g a r d  

G l a s s  

P l e x i - g l a s  

P l e x i - g l a s  

G l a s s  

S y l g a r d  

E n c a p s u l g l t  

Sy l g a r d  

S y l g a r d  
. - 

S y l g a r d  

S y l g a r d  

A i r  

PVB 

PYB . 

RTV 615 
RTV 615 

RTV 
HTV 

RTV 

RTV 

RIV 615 

Sy l  gard  

S i l i c o n e  G e l  

KTV h15 

RTV 

Neoprene 

PVB 

RlV 

Sy I gard  

i y l g a r d  

S y l g a r d  

RTV 615 

RI'V 615 

RTV 615 

PVU 

S y l g a r d  

E l e c t r i c a l  
I s o l a t o r  

D e x t i l o s  Paper  

S y l g a r d  

Not r e q u i r e d  

Not r e q u i r e d  

Nor r e q u i r e d  

Not r e q u i r e d  

Noc r e q u i r e d  

PVCIFiberglss  
PVClFiberglas  

Not r e q u i r e d  
Not r e q u i r e d  

Not ' r e q u i r e d  
Not r e q u i r e d  

C i r c u l c  Board 

l o t  r e q u i r e d  

PolylmidlC. loss  

RTV h15 

Mylar 

Neoprene 

N o l r e r l u i r e d  

Not r e q u i r e d  

Xot r e q u i r e d  

C-I0 Board 

Sy lgnrd  

C i r c u i t  Board 

Not r e q u i r e d  

Nor r e q u i r e d  

S o t  r e q u i r e d  

G-I0 Board 

X a t e r i a l  

'Aluminum 

~ l u m i n u m  

C-10 Board 

G-10 Board 

P l e x i - g l a s  

P o l y e s t e r  

P o l y e s t e r  

Aluminum 
Alt!minum 

P o l y e s t e r  
P o l y e s t e r  

P o l y e s t e r  
P o l y e s t e r  

Aluminum 

S i  l i c u n e  "atin): 

S t a i n l e s s  

Aluminum 

.\lurninum 

.\luminum 

?ly lar  

P o l y c s t e r  

"Flakr"1C-LO b a r d  

"~\luminum" 

Aluminum 

Aluminum I 

P l e x i - g l n s  

"i 'ainted" i ' l cx i -g lns  

P a i n t e d  P o l y e s t e r  

,\luminum 

Front  
I n t e r c e l l  
Area Color  

~1umi"um . 

Aluminum 

Green 

Green 

T r a n s p a r e n t  

T r a n s p a r e n t  
T r a n s p a r e n t  

Aluminum 
Aluminum 

Tan 
Tan 

White 
White 

Blue 

T r a n s p a r e n t  

Orange 

Aluminum 

t\hlminum 

 ray 

'Transparent 

Tan 

Green 

Green 

Aluminum 

Blue 

'Transparent 

White 

White 

Green 

S u b s t r a t e  

Geometry 

I-Beam T 

~ i n n ' e d  ' ' rrrm 

S h e e t  

S h e e t  

S h e e t  

S h e e t  ' - 
S h e e t  

Pan - 
Pan 

S h e e t  I-, 

S h e e t  

Molded l7l-l 
Molded 

Iixtruded 

Sheer  - 
Pan - 
Pan I 

S h e e t  I 

Box 0 

S h e e t  - 

S h e e t  - 
S h e e t  - 
S h e e t  - 
"Sheet" - 
"Void l e s s "  ~ x t r u d e d  7 

S h e e t  k- 

Sheer  - 

S h e e t  - 
S h e e t  . - 

' 

Comment . 

, 

. . 

. . 

box S u p p o r t  C r e a t e s  Void Beneath  S u b s t r a t e  

112" F l a k e  Board Bonded t o  Backside  

118" Aluminum Bonded Lo Backside  

F i n s  Removed 

Void Beneath C e l l  F i l l e d  

Void Between C e l l  and Cover Fi l . led  

Backside  P a i n t e d  White. Void F i l l e d  

Backside  p a i n t e d  White 

Aluminum P a i n t e d  White 



Figure 3-1. Block I Modules 



Figure 3-3. Block I1 'Minimodules 
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Figure 3-5. JPL Thermal Test Site  

Figure 3-6. Pyranometer 



Figure 3-7. Wind Measurement Instrument 



Figure 3-8. Mr Tsnparatuze Enclosure 



F i g u r e  3-9. T o t a l  S o l a r  I n t e n s i t y  , 
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F i g u r e  3-10. Local $Air Tempera ture  



- .  
0. 5000. 10000. 15000. 20000. 25000. 30000. 35000. 40000. 

TIME ISECI ( a )  MINO SPD 

F i g u r e  3-11. Wind. Speed Summary 
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F i g u r e  3-12. Wind D i r e c t i o n  
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. . . . SECTION I V  

A.  NOCT TEST PROCEDURE 

A the rmal  t e s t  p rocedure  t o  d e t e r m i n e  t h e  nominal o p e r a t i n g  c e l l  
. t empera tu re  was developed i n  ' t h e  f i r s t  phase  of the rmal  t e s t i n g  

. . (Reference 1 ) .  T h i s  p r o c e d u r e ' h a s  n o t  been changed and is. r e p e a t e d  i n  

Appendix A.  ' A l l  of t h e  NOCT c h a r a c t e r i z a t i o n  t e s t s  a r e  performed 
a c c o r d i n g  t o  t h e  NOCT t e s t  p rocedure .  

. .  . 

, NOCT t e s t i n g  i s  performed i n  n a t u r a l  s u n l i g h t  and p r o v i d e s  a  
means of de te rmin ing  a c c u r a t e  and r e p e a t a b l e  nominal o p e r a t i n g  c e l l  
t e m p e r a t u r e s .  NOCT t e s t s  were r e c e n t l y  completed on t h e  Block I1 
modules a t . t h e  Lewis Research Cente r  (Reference 2 ) .  T a b l e  4-1 shows 

. . . . t h e  r e s u l t s  of t h e s e  t e s t s  a s  compared w i t h  t h e  JPL t e s t  r e s u l t s  f o r  
t h e  same t y p e  of modules. 

Tab le  4-1. LeRC and JPL NOCT . T e s t  Summary 

Block I1 
Module 

NOCT ( 'c) 
LeKC JPL 

S o l a r e x  

S o l a r  Power 

s p e c  t r o l a b  41.0 , . 41.1  

Sensor Technology 40.5 42.9 

I n f o r m a t i o n  r e g a r d i n g  NOCT t e s t i n g ' o f  t h e  vendor s u p p l i e d ' m o d u l e s  

measured t o  d a t e  i s  summarized i n  T a b l e  4-2. I n  a d d i t i o n  t o  t h e  
m a t e r i a l  summa'ry of each module, t h e  t a b l e  i n c l u d e s  t h e  number of 
t e s t s  ,made t o  de te rmine  NOCT ( t h e  NOCT procedure  r e q u i r e s  a  minimum 

of two t e s t s )  and a  t a b u l a t i o n  of t h e r m a l l y  s i g n i f i c a n t  c h a r a c t e r i s t i c s .  
Study of Tab le  4-2 e n a b l e s  some b a s i c  c o n c l u s i o n s  . t o  b e  drawn about  t h e  
module the rmal  d e s i g n .  

. . 

1. A i r  Voids 

A i r  v o i d s  w i t h i n  a  module shou ld  be  e l imina . t ed .  T h i s  c o n c l u s i o n  

was' r eached  by a n a l y s i s  . i n  t h e  f i r s t  the rmal  s t u d y  (Refe rence  1 )  ; 
modules 5 ,  14,  1 9 ,  and 20 e x p e r i m e n t a l l y  i l l u s t r a t e  t h e  h i g h e r  



. . 

Table 4-2.  NOCT Summary 

. 

. 

. 

- 

28 

29 

No. 

1 

: 

I 

4 

5 

6 
? 

8 

9 

10 
11 

12 
I 3  

14 

I 5  

16 

17 

18 

19 

20 

21 

22 

Backside Pa ln t ed  Uh l t e  

~\lumlnum 1 Pa ln t ed  Yh l r e  

. . 
. . .  

. . 

! Co-ht . 

. . . 

L&esr NOCr 

. . 

. . 

. . 
Hlghest  NOCT . 

* . .  . 

. . 

i 

Local  Void Beneath Ce l l .  Suspected 

Box Support  C r e a t e s  Vold Beneath 
Subsc ra t e  

112'' Flake Board Bonded ro Bnckslde 

118" Alumim8m b n d e d  ro Bockside 

F ins  Removed 

Void B e n ~ d f h  ( : e l l  F i l l e d  

Vnld Betreen Cell and Cover F i l l e d  

Backelde I'nlnted Yhire.  Void F i l l e d  

E l e e t r i c n l  .. 
I s o l a t o r  

D e x t i l o ~  Paper 

Sy lga rd  ' 

Nor r equ l r ed  

!3 

24 

25 

26 

27 

Ulbite 

Green 

F ron t .  ' 

I n t e r c e l l  
A r e a C o l o r  

Aluminum 

Aluminum 

Creen 

Creen 

Transpa ren t  

T r a n s p a r e n t  
T ranspa ren t  

Aluminum 
~ l ~ ~ l ~ ~ ~ ~  

Inn 

Ton 

ulaire 
Ult l te  

Blve 

T ranspa ren t  

Orange 

,\lumlnurn 

~\lumlnum 

Gray 

Transpnrenr  

Tan 

Creen 

Creen 

,\lumlnum 

Blue 

Transpa ren t  

~ t i t e  

Shee t  - 
Shee t  - 

8 

10  

No. ~ e s t s  
Performed 

11 

6 

10  

. 5 - 

.5 

9 
. 5 

8 
1'1 

8 
12 

2 
I2  

7 

1'1 

10 

IS 

5 

5 

7 

15  

I0  

8 

3 

4 

6 

10  

Er rapau lan t  

'Sklgerd ' 

Sk iga rd  ' 

S>lga rd  . 

S j l g r r d  ' 

A: r 

PrB 
P'B . 

R-V 615 
R-V 615 

R N  . 
R:\,' 

RZV 
RrY 

B V  615 

S lgnrd 

S l l l c u n e  Gel 

KIV 6 1 s  

44.6 

49.6 

NOCT 
("c) 

35.2 

39.0 

47.5 

48.8 

59.6 

41.1 
(43.1)  

42.9, 
(44.4)  

47.1 
(46.2)  

46.0 
(44.9)  

41,. 3  

42.4 

51.3 

44.5 

45.5 

5 3  

54.9 

46.5 

55.1 

50.6 

41.7 

45.6 

4 .  

57.2 

. * 

. . 

Modul; 

Block I  .- 

Spectrole '> . 

Sensor Te:h 

So la rex  

h t e r l s l  . ' 

Alumlnum , 

Alumlnum 

C-10 Board 

Pa in t ed  Pu lyea t e r  

Alumlnum 

I class 
i , . 
.I 

S o l a r  Tech l o t .  ' C l m s  %oprene 

Are0 S o l a r  Ine. 1 Class / ma 

S o l a r e x  CBlk 111) / R W  

I JPL W i f l e d  
I 

S o l a r e x  1 (So. 1) isylgord I 31ga.d 

Covir  
h t e r l a l  

C la s s  

Sy 1 gnrd 

S u b s t r a t e  

Ceometiy 

I-Benm' 1 
F Inned 

' 

Shee t  - 

Spec r ro l ab  Uln l  (No. 7 )  

s o l a r  P a e r  I  (Yo. 23 j  

- ' I Sy lgn rd .  
S o l a r  P m ? r  Sy lge rd  

. I Plen l -g l e s  n-7 

.Block 11  nnd Minl 

S p e c t r o l m  . I 
(U ln i )  . / C l a s s  

s e n s o r  Tezh , I R'W 615 ' 

(Mini) / R N  615 

Solere.  / Rn' 

( n i n i )  1 RTV 

S o l a r  P e r  ' S l l l c o n e  C r a t i n g  
(Ulnl)  j S l l l c o n e  C-nring 

RLO - .  

EOS (Xercx) i Glasn 

Lockheed ! Clnss  

Motor018 I C1898 

sensor ~ r c h  ~ i g t  i RW 61s 

I 
OCLl 

' X  

S l ~ e e r  - 
. . -  Shee t  

Shee t  - 
Slleer 

Pan I 
Pnn 

Shee t  
Slleer 

Moldcd I-lTI 
Nolrled 

1 Extruded V 

Sltcer - 
Pan. - 
PJIB I 

Shee t  I 

&,I I 

Slkeer - 
Shee t  ' C-( 

Sheet  - 
Sheer  - 

- "Sheet'. 

"Voldless"  1 : x t r u d e d T  

l l l ~ e t  - 
Shee t  - 

Not r equ l r ed  C-10 b a r d  1 .  Not r equ l r ed  ~ l e x l ~ g l n e  

' 1 

Not r equ l r ed  Po lyes t e r  . 
Nut r equ l r ed  Po lyes t e r  

PVClFibcrfilvs ,\luminum 
PVCIFLherglas Alunlnum 

Not r equ l r ed  . Po lyes t e r  
Xot r equ i r ed  Po lyes t e r  

Nor r equ l r ed  Po lyes t e r  

lot r equ l r ed  I 'olyester  

C l r c u i r  &lard I ,\lumlnum 

not  r equ l r ed  ! S l l l e u n e  C o a t l n ~  

Po ly lmld lC la s s  ! Stainless 
! 

RT\, 6 15 \lumlntnm 

1 >lylar  . 1 ~ \ l u m l n u m  

Xeoprene 
'I 
;I ,\luml"um 

So t  r eqv l r ed  I >lylar  

C l a s s  

Sylgnrd 

?VB 

Sylgnrd 

X 

X 

Air  

V ~ l d  

. .  

, .X 

X 

So t  r equ i r ed  

I Not r equ i r ed  

" Alumlnuo" 

Alvnlnum 

~\lumlnum 

P lex l -g ins  

"Painted" Ple i l - f i l a s  

1 P e r  1 3 .  4 l S y l p r d  .?lgnrd I C-I0 Board 

So t  r egu l r ed  

C-I0 Board 

s l m i f i c i n t  
Non-Metal 
S u b s t r a t e  

P o l y e s t e r  

I l G - I  o r  

/ I :  X 

I 

, I  
X 

X 

X 

Thermellr  

Metel  
Sub- 

s r r o t e  

. 

X ' 

X .  

X 
X .  

X 

X 

x 

Opaque 

. 

x. 

x 

Sensor Tech 1 lsy18m 

Fins 

X '  

X 

'Trans. 

X ,  

X 
X 

EOS (Xerox) (No. 14)  

M-7 (No. 5 )  

U-7 (No. 26) 

Ly lpnrd S y l g ~ r d  

LW 615 I C l r c u l c  m r d  C l a s s  

P l e r l -g l aa  

P l e i l - g l e e  

LW 615 

CTV 615 

'I 
: 1 

Xot r equ l r ed  

So t  r equ l r ed  

X 

X 

X 

X 

X 

X 

. . 

' X  

X 



t empera tures  due t o  a i r  vo ids .  Module 5 ,  which has  an  a i r  vo id  

between t h e  f r o n t  cover and t h e  c e l l ,  has  t h e  h i g h e s t  NOCT measured 
(59.6"C). Module 14 has  only a  p a r t i a l  vo id  beneath t h e  c e l l  and t h e  
meta l  s u b s t r a t e ,  and a  s i g n i f i c a n t  p a r t  of t h e  c e l l  i s  mounted d i r e c t l y  
above t h e  meta l  s u b s t r a t e .  A s  a  r e s u l t ,  t h e  void i n  t h i s  i n s t a n c e  i s  
n o t  a  dominating thermal  e f f e c t .  E l imina t ion  of t h e  void by i n j e c t i n g  
RTV 615 reduced i t s  NOCT only  from 4 6 . 3 ' ~  t o  4 5 . 6 ' ~ .  

The a i r  void i n  modules 19 and 20 a r e  n o t  t o t a l l y  enc losed .  I n  
each c a s e  t h e  void i s  c r e a t e d  by a  box, open a t  bo th  ends,  which i s  
t h e  suppor t  s t r u c t u r e  and/or  a  combination of suppor t  and s u b s t r a t e .  
Except f o r  t h e  box, module 20 is  t h e r m a l l y , v e r y  s i m i l a r  t o  module 15 .  
~ o d u l e  15  (no box) i s  11°C c o o l e r  than  module 20, and g ives  an i nd i -  
c a t i o n  of t h e  improvement i n  o p e r a t i n g  temperature  t h a t  could be  
ob ta ined  wi th  a  t o t a l l y  open c o n f i g u r a t i o n .  (An l l O c  r educ t ion  i n  
module temperature  t r a n s l a t e s  i n t o  a  5% improvement i n  power.) 

I f  t h e  void t h i cknes s  i s  g r e a t e r  t han  approximately 1.2cm, h e a t  
t r a n s f e r  ac ros s  t h e  void by f r e e  convec t ion  is  probable .  I f  f r e e  
convect ion i s  occur ing ,  f i l l i n g  t h e  vo id  w i t h  RTV w i l l  no t  reduce t h e  
temperature  a s  much a s  wopld occur  i f  conduct ion through t h e  a i r  was 
the. main hea t  t r a n s f e r  mode. To i l l u s t r a t e ,  t h e  l a r g e  vo id  i n  module 5 
was fi1le.d wj th  RTV 615, which has  a  thermal  conduc t iv i t y  6 .5  t i m e s  
g r e a t e r  than  t h a t  of a i r .  The dec rease  i n  NOCT was on ly  5OC, from 

59.6"C t o  54.1°C. I f  conduct ion through t h e  a i r  had been t h e  main 
mode of h e a t  t r a n s f e r ,  a  r educ t ion  i n  NOCT of 10°C t o  15°C would have 
been expected,  s i n c e  a f t e r  f i l l i n g ,  t h e  module is  j u s t  a  t h i c k e r  

v e r s i o n  of module 6 ,  whose NOCT i s  41.1°C. 

Voids should be  designed ou t  of t h e  module. ~ i l l i n g  t h e  vo id  

a s  an  a f t e r t h o u g h t  w i l l  probably n o t  be  c o s t  e f f e c t i v e  due t o  t h e  
cos t  of t h e  f i l l e r  m a t e r i a l  and l a b o r .  

2. F in s  

Rotb, mnd~ll.es 1 and 2 have a  f i nned  meta l  s u b s t r a t e  and have t h e  
lowest  NOCTs. The f i n s  were machined from module 2  and t h e  NOCT 
i n c r e ~ s e d  2.7"C t o  41.S°C. (This  NOCT is  no t  very  d i f f e r e n t  from t h a t  
of module 8 which i s  thermal ly  s i m i l a r  t o  module 2  bu t  has  no f i n s . )  
Therefore ,  t h e  f i n s  pr.obably i nc reased  t h e  power 1% t o  2% (0.5% p e r o c ) .  

The average c o s t  of t h e  Block I modules was approximately $20 per  
w a t t .  Mnd~lle 2 has an  ou tput  of about  5  w a t t s .  Therefore ,  t h e  f i n s  
con t r ibu t ed  0 . 1  w a t t s  t o  t h i s  t o t a l .  To be  c o s t  e f f e c t i v e  t h e  f i n s  
would have t o  c o s t  l ess  t h a n  $ 2  p e r  module (20 x 0 .1 ) .  While p o s s i b l y  
c o s t  e f f e c t i v e  f o r  t h e  Block I modules, i t  is  obviously n o t  going to .  
be c o s t  e f f e c t i v e  a t  t h e  1986 c o s t  goa l  of $0.50 per  w a t t .  S ince  t h e  

Block I purchase,  t h e r e  h a s  been only  one module des ign  w i t h  f i n s ,  which 
is  probably t h e  b e s t  i n d i c a t i o n  t h a t  f i n s  may no t  be  c o s t  e f f e c t i v e  even 
a t  t o d a y ' s  p r i c e s .  i 



3 .  T r a n s p a r e n t  v s  Opaque S u b s t r a t e s  

Modules 6 ,  7 ,  and 1 5  have t r a n s p a r e n t  s u b s t r a t e s ,  and t h e i r  

NOCTs a r e  a b o u t  t h e  same a s  o t h e r w i s e  t h e r m a l l y  e q u i v a l e n t  modules 
(modules 8  and 9) w i t h  m e t a l  s u b s t r a t e s  (no f i n s ) .  I n  t h e  f i r s t  s t u d y  
(Refe rence  1 )  i t  was c a u t i o n e d  t h a t  t h e  t r a n s p a r e n t  module i n  a  r e s i -  

d e n t i a l  roof  i n s t a l l a t i o n  would r u n  warmer, due  to. h e a t i n g  of t h e  a i r  
v o i d  (very  s i m i l a r  t o  t h a t  of module 20) c r e a t e d  between t h e  roof  and 

t h e  module. 

R e c e n t l y ,  t e s t s  a t  J P L  and by G . E .  have demons t ra ted  t h a t  a  
w h i t e  r e f l e c t i v e  i n t e r c e l l  a r e a  i n c r e a s e s  t h e  power o u t p u t  of  t h e  

module s i g n i f i c a n t l y .  A d i f f u s e  w h i t e  p a i n t  on t h e  back  of module 7 
i n c r e a s e d  t h e  power o u t p u t  by 8% and i n c r e a s e d  t h e  NOCT by 1 .5"C,  
from 43.1°C t o  44.6"C. T h e r e f o r e ,  t h e  n e t  power i n c r e a s e  i s  a t  l e a s t  
7 % .  T h i s  i s  a n o t h e r  r e a s o n  f o r  n o t  u s i n g  a  t r a n s p a r e n t  s u b s t r a t e .  
White p o l y e s t e r  is  used t o  c r e a t e  a  r e f l e c t i v e  i n t e r c e l l  a r e a  i n  
modules 12 and 1 3 .  The u s e  of w h i t e  t e d l a r  o r  p o r c e l a i n  h a s  a l s o  been 

s u g g e s t e d  a s  a  means of o b t a i n i n g  t h e  s o l a r  r e f l e c t i v e  f i n i s h .  
Compared t o  t h e  t r a n s p a r e n t  s u b s t r a t e ,  t h e r m a l  performance i s  n e g l i -  
g i b l y  d i f f e r e n t  f o r  a  w h i t e  s u b s t r a t e ,  b u t  t h e  demons t ra ted  i n c r e a s e  

i n  e l e c t r i c a l  performance makes t h e  w h i t e  s u b s t r a t e  t h e  p r e f e r r e d  
d e s i g n .  

4 .  Meta l  v s  Nonmetal S u b s t r a t e s  

Depending upon t h e  nonmetal  m a t e r i a l  used ,  t h e  t h e r m a l  advan tage  

of t h e  m e t a l  s u b s t r a t e  can  b e  reduced t o  a  n e g l i g i b l e  c o n s i d e r a t i o n .  
A comparison of t h e  NOCT f o r  modules 8 ,  9 ,  and 18 ( m e t a l  s u b s t r a t e )  
w i t h  modules 12 and 1 3  ( w h i t e  p o l y e s t e r )  i l l u s t r a t e s  t h a t  t h e  m e t a l  

s u b s t r a t e  (aluminum) i s  a t  most 3°C c o o l e r .  Moreover,  a f t e r  p a i n t i n g  
t h e  back s i d e  of module 7  (PVB s u b s t r a t e )  t h e  NOCT was o n l y  0.2"C 
warmer than  t h a t  of module 9 .  Also ,  bonding (ECOBOND 57C) a  0 .05  cm 

(118 i n c h )  aluminum s h e e t  (,white e x t e r i o r )  t o  t h e  back  of  module 4  
(GI0 board  s u b s t r a t e )  i n c r e a s e d  t h e  NOCT from 48.8OC t o  49.6"C. 

None of  t h e s e  d i f f e r e n c e s  i s  s i g n i f i c a n t  enough t o  make t h e  m e t a l  

s u b s t r a t e  the rmal ly .  p r e f e r r e d  o v e r  a  nonmetal  s u b s t r a t e .  I f , a s  p re -  

d i c t e d ,  m a t e r i a l  c o s t  f a v o r s  l e s s  t h e r m a l l y  c o n d u c t i v e  s t e e l  o v e r  
aluminum, t h e  t h e r m a l  r a t i n g  of t h e  module w i t h  nonmetal  s u b s t r a t e  
could  b e  t h e  same t o  s l i g h t l y  b e t t e r  t h a n  t h a t  of t h e  module w i t h  

s t e e l  s u b s t r a t e .  

5 .  Hj gh Ef  f i .c iency Modules 

The u s e  of i n e x p e n s i v e  r e c t a n g u l a r  c e l l s  w i l l  r e s u l t  i n  h i g h  

e f f i c i e n c y  modules.  The e f f e c t  on NOCT of i n c r e a s i n g  t h e  n e s t i n g  
e f f i c i e n c y  from approx imate ly  75% ( c i r c u l a r  c e l l s )  t o  100% ( s q u a r e ,  
r e c t a n g u l a r ,  hexagorlal)  i s  o b t a i n e d  by comparing t h e  NOCT of  modules 

8 and 1 7 .  The c o n s t r u c t i o n . i s  e s s e n t i a l l y  i d e n t i c a l ,  e x c e p t  



t h a t  module 8 uses c i r c u l a r  c e l l s  and module 17 uses hexagonal c e l l s  
t o  obta in  t h e  high nes t ing ef f ic iency.  A 1.6OC increase  i n  NOCT, o r  
less than a 1% decrease i n  power is indica ted  wi th  e l iminat ion of 
most of t h e  non-cell a rea .  

NOCT OF RESIDENTIAL ROOF INSTALLATIONS 

A 1.22m x 1.22m segment of a photovoltaic r e s i d e n t i a l  roof 
i n s t a l l a t i o n  was simulated. The a r ray  consis ted  of th ree  i d e n t i c a l  
modules, and t h e  NOCT of the  center  module (module 12) was determined. 
I n i t i a l l y ,  t h e  mounting technique approximated t h a t  proposed by Lincoln 
Laboratory f o r  r e s i d e n t i a l  demonstration purposes. I n  the  Lincoln Lab 
configurat ion,  the  modules a r e  suspended about 7.6cm from t h e  roof 
by supports which a t t ach  a t  t h e  top  and bottom edges of t h e  module. 
A i r  flow beneath the  modules i s  discouraged by t h i s  design, and only 
the  modules mounted along t h e  e a s t  and w e s t  edges w i l l  benef i t  from 
sporadic wind-induced a i r  movement beneath t h e  modules. Later ,  t h e  
attachment technique was changed t o  simulate hard mounting t o  t h e  roof 
i n  order t o  approximate thermally a shingle  module configurat ion.  
Figure 4-1 i l l u s t r a t e s  the  hard mounted conf igura t ion with an insula ted  
roof .  Table 4-3 summarizes t h e  r e s u l t s .  

Figure 4-1. Roof Mount Simulation 



, . .  

:.Table 4-3. NOCT su&ary for a Residential Roof Installation 

. . 

Case No. Configuration 
NOCT ANOCT* 

("C) ("C) 

Lincoln Laboratory Mounting 

1 Module at center of roof (No flow 55.5 9.5 . 

beneath module) 
. . 

2 ~odule at eastlwest edge of roof 49.9 3.9 
(Permits east-west air flow) 

Modified Configuration 

3 Sides closed, top/bottom edges open 50.8 4.8 
(Permits flow bottom to top) 

4 All edges open (Pe'rmits flow in all 49.4 3.4 
directions)' 

shingle Type Mounting 

(Hard mounted to roof) 

5 Roof uninsulated 58.0 12.0 

6 Roof insulated 61.5 15.5 

* NOCT of this module is 46OC for the normal field installation. 

1 Lincoln Laboratory Configuration 

With. no' air flow beneath the mbdules (Case 1) , as would be typical 
of the intermost-mounted modules, the NOCT is 9.5"C warmer (55.5"C 
compared to 46.0°C) than the NOCT for the same module mounted in the 

normal field installation. Modules along the east or west edge (Case 2) 

would be 3.9PC warmer, because some air flow is possible through the 

open sides. If the modules were attached along the sides rather than 

along the top and bottom edges (Case 3), the module is 4.8OC warmer. 

If the module was suspended from the roof by legs rather than rails . 

(Case 4),the module is 3.4OC warmer. 

This test series illugtrates that higher operating temperatures 

. will occur for residential roof installations, and the decrease in 
. electrical performance will 'be 2% to 5% in the worst case. A mounting 

technique permitting more air flow could cut this penalty in half.. 

However, the module support structure is also utilized to support 
ladders (or 'the .equivalent), which enable the initial installation of 



t h e  modules a s  w e l l  a s  f u t u r e  s e r v i c i n g  t o  b e  c a r r i e d  o u t  w i t h  no 

damage t o  t h e  modules o r  t h e  e x i s t i n g  r o o f .  A mounting t e c h n i q u e  

which a s s u r e s  t h i s  p r o t e c t i o n  i s  w e l l  worth  a  1% t o  2-112% d e c r e a s e  

i n  e l e c t r i c a l  performance.  

2 .  S h i n g l e  Simulated'  Mounting 

I t  is  n o t  s u r p r i s i n g  t h a t  h a r d  mounting t h e  module t o  roof  
i n c r e a s e s  t h e  NOCT f u r t h e r .  For a n  u n i n s u l a t e d  roof  (Case 5 ) ,  t h e  

N O C T ' ~ ~  12°C (58.0°C compared t o  46°C) warmer t h a n  t h e  normal open-back 
f i e l d  i n s t a l l a t i o n .  I f  t h e  roof i s  i n s u l a t e d  on t h e  a t t i c  s i d e  

(Case 6 ) ,  t h e  NOCT i s  15.5"C warmer (61.5"C). 

, Hard mounting t h i s  p a r t i c u l a r  module does  c r e a t e  a n  a i r - v o i d  
between t h e  s u b s t r a t e  and t h e  roof. .  A s h i n g l e  module shou ld  n o t  and 
probably  would n o t  be des igned  i n  t h i s  manner. I t  i s  e s t i m a t e d  t h a t  
t h e  t empera tu re  i n c r e a s e  would b e  4°C l e s s  i f  t h e r e  were  no a i r  v o i d .  
  his' e s t i m a t e  i s  based upon bonding " f l a k e  board" (1.9cm t h i c k )  t o  

. t h e  back of module 3 ;  t h e  NOCT i n c r e a s e d  7.6OC (47.5"C t o  55.1°C).  
Without t h e  v o i d s  t h e  t e m p e r a t u r e  r i s e  would be similar t o  t h a t  o f  a  
module l o c a t e d  i n  t h e  c e n t e r  of t h e  roof  (Case 1 )  f o r  t h e  L i n c o l n .  

Labora to ry  C o n f i g u r a t i o n .  

A p o s s i b l e  c o n c l u s i o n  from t h e s e  t e s t s  i s  t h a t  u n l e s s  t h e  module 

i s  suspended from t h e  roof  s o  t h a t  a i r  can f low i n  a l l  d i r e c t i o n s  

benea th  t h e  module (Case 4 ) ,  i t  may be  b e t t e r  t o  ha rd  mount t h e  module, 
t r a d i n g  t h e  s l i g h t  d e c r e a s e  i n  performance f o r  t h e  s a v i n g  i n  s t r u c t u r e  

c o s t .  Moreover, t h e  module t h a t  i s  i n t e g r a t e d  i n t o  t h e  roof  i n s t a l l a -  
t i o n  may be  b e t t e r  a d a p t e d  f o r  r e p a i r  i n  t h e  e v e n t  of a l e a k .  Repair -  
i n g  a  l e a k  l o c a t e d  benea th  a  module mounted i n  t h e  Case 4  c o n f i g u r a t i o n  

i s  n o t  l i k e l y  t o  b e  a t t empted  by t h e  a v e r a g e  home owner, and t h e  r e p a i r  
could  prove t o  be  invo lved  and expens ive .  I n  summary, t h e  improvement 
i n  the rmal  performance of modules mounted i n  t h i s  manner ( o f f  of t h e  

r o o f )  may n o t  j u s t i f y  t h e  a d d i t i o n a l  i n i t i a l  and l o n g  t e r m  c o s t .  

D.  NOCT OF DIRTY MODULES 

F i g u r e s  4-2 and 4-3 show t h e  e f f e c t  on NOCT of d i r t  accumula t ion  

fo r 'modules  w i t h  non-glass  and g l a s s  f r o n t  s u r f a c e s ,  r e s p e c t i v e l y .  

Measurements f o r  modules w i t h  non-glass  s u r f a c e s  were  made a t  a  t i l t  
a n g l e  of 13" d u r i n g  June  and J u l y .  T i l t  a n g l e s  of t h e  g l a s s - s u r f a c e  
modules began a t  13" and were a t  18" by t h e  end of t h e  t e s t  p e r i o d ,  
which o c c u r r e d  a t  t h e  middle  of August .  These low t i l t  a n g l e s  
encourage maximum d i r t  accumula t ion  w i t h  r e s p e c t  t o  s p e c i f i c  t e s t  s i t e .  
The NOCT f o r  modules w i t h  t h e  non-glass  f r o n t  s u r f a c e s  i n c r e a s e d  1.3"C 

t o  2.2"C d u r i n g  t h e  f i r s t  week and remained c o n s t a n t  d u r i n g  t h e  n e x t  

t h r e e  weeks. The NOCT of modules w i t h  g l a s s  f r o n t  s u r f a c e s  i n c r e a s e d  
l e s s  t h a n  0.5"C d u r i n g  t h e  t h r e e  week p e r i o d  of d i r t  accumula t ion .  

Although g r e a t e r  f o r  non-glass  t h a n  f o r  g l a s s  s u r f a c e s ,  t h e  e f f e c t  of 
d i r c  accumula t ion  on NOCT i s  rluL s i g ~ l i l i c a n t .  
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F i g u r e  4-2. E f f e c t  of D i r t  Accumul.ation on NOCT 

(Non-Glass F r o n t  Sur faces ) .  
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. . 
, . The measured d e c r e a s e  i n  e l e c t r i c a l  o u t p u t . w h i c h  o c c u r s  a s  a 

. . r e s u l t  o f '  d i r t  accumula t ion  i s  d i s c u s s e d  i n  S e c t i o n  V .  Because of t h e  
,. e f - f e c t ' o f  d i r t  accumula t ion  on e l e c t r i c a l  o u t p u t  a s  w e l l  a s  on mainte- 

. . nance c o s t s ,  e a s e  of c l e a n i n g  is  a  f a c t o r  which may be o f  some s i g n i f i -  

canc,e. I n  t h e  st 'andard NOCT t e s t ,  t h e  modules a r e  c l e a n e d  b e f o r e  each 

.. t e s t . '  It h a s  been observed t h a t  i t  t a k e s  more w a t e r , m o r e  t o w e l s ,  and 
more .''elbow grease"  . t o  c l e a n  t h e  non-glass  f r o n t  s u r f a c e s .  T h i s  sug- 

g e s t s  t h a t  t h e  c l e a n i n g  machine f o r  non-glass  f r o n t  s u r f a c e  modules may 
' c o s t  more, u s e  more m a t e r i a l s ,  and t a k e  l o n g e r  t o  do t h e  job  t h a n  an  

: ' e q u i v a l e n t ' m a c h i n e  des igned  f o r  washing modules w i t h  g l a s s  f r o n t  
s u r f a c e s .  I n  s h o r t ,  t h e  c l e a n i n g  c o s t  may b e  s i g n i f i c a n t l y  h i g h e r  f o r  

'non-glass modules. 

E. . NOCT AND 1.IAXIMUM- POWER 

Normally NOCT i s ' p e r f o r m e d  w i t h  a  z e r o  power o u t p u t  (open c i r c u i t  

c o n d i t i o n s )  i n  an e f f o r t . t o  reduce  t h e  complexi ty  of t h e  test .  Per-  
formance of a  t e s t  d u r i n g  which maximum power was c o n t i n u o u s l y  removed 
from t h e  module r e s u l t e d  i n  a  r e d u c t i o n  in.NOCT of  2 . g ° C .  This  reduc- 

t i o n  O f f s e t s  t h e  t e m p e r a t u r e  r i s e  due t o  d i r t  accumula t ion ,  an e f f e c t  
which i s  n o t  accounted f o r  i n  t h e  d e t e r m i n a t i o n  of NOCT. 

. . 

F. NOCT I N  A SOLAR DOME 

. ,'Two s o l a r  dome concep ts  b e i n g  s t u d i e d  by Boeing a r e  i l l u s t r a t e d  

i n  F i g u r e  4-4. The weathered p o l y e s t e r  f i l m  e n c l o s e s  t h e  a r r a y s ' a n d  
t h e r e b y  e l i m i n a t e s  t h e  requ i rement  f o r  weather-proof e n c a p s u l a t i o n  
of t h e  c e l l s ,  s c r e e n s  U V ,  and e n a b l e s  a  low-cost a r r a y  s t r u c t u r e .  The 
r e s u l t i n g  c o s t  s a v i n g  must b e  ba lanced  a g a i n s t  t h e  s i g n i f i c a n t  reduc- 
t i o n  i n  power due t o  t h e  h i g h  o p e r a t i n g  t empera tu res  c h a r a c t e r i s t i c  

of t h e  g reen  house.  

F igure '  4-4. S o l a r  Dome Concepts 

4- 9 
0 



Figure 4-5 is the test setup used to evaluate the NOCT of a 
module in a solar dome. A Spectrolab Block I1 module was used for the 
measurements, and the polyester film is identical to that proposed by 
Boeing. The procedure was carried out first with white and later with 
black floor. I 

The first set of data was obtained with the plywood floor painted 
white; the black floor was created using a layer of black plastic. 
Table 4-4 is a summary of the NOCT measurements. The dome environment 
increases the NOCT of the module (normally 41.1°C) 28.Z°C and 37.1°C 
for the white floor and black floor, respectively. A corresponding 
power reduction of 14.1% and 18.6% would be expected. 

The white paint also reflects more energy onto the cells. 
Therefore, the improvement in performance is actually greater than 
4.5%, as indicated by the NOCT difference. In a real application, the 
module should be positioned back (north) in the cylindrical enclosure 
as much as possible to maximize the reflective floor area in front of 
the module. 

As Boeing has found, an active cooling system for a power station 
configutatinn is not economically feasible, However, the light weight 
of this system makes it well suited for roof installations (apartments, 
factories, etc.), and the high temperatures suggest the combination of 
photovoltaic with space and/or hot water heating. Together the two 

systems could prove to be economically viable. 
' 

Figure 4-5. Dome Test Setup 



.Table 4-4. Solar Dome NOCT Summary 

. . 

NOCT - OC 
' Test Date Morning A£ ternoon 

White Floor . . 

Average 66 .'o 
Daily Average 

Black Floor 

5/12/78 74.3 81.6 

5/16/78 74.9 82,. 0 

5/19/78 74.9 81.3 
. . 

74.7 Average 81.6 

Daily Average 78.2 



. . SECTION V 

OTHER TESTS 

A .  . WATER COOLED MODULE 

. . T h i s  stGdy h a s  prompted because  some , a p p l i c a t i o n s  i n v o l v e  t h e  
movement ,of a . l a r g e  amount of w a t e r .  .For  example., t h e  i r r i g a t i o n  
p r o j e c t  in .Nebraska .pumps  60,000 g a l l o n s  p e r  hour o r  1 ,542  g a l l o n s  p e r  
hour p e r  s q u a r e  f o o t  of module a r e a .  .While t h i s  f low r a t e  i s  a d e q u a t e ,  
much l a r g e r  f low r a t e s  a r e  p o s s i b l e  w i t h  a  s imple  g r a v i t y  f e e d  conf ig -  
u r a t i o n ,  such  a s  a  common t rough  f e e d i n g  w a t e r  i n t o  t h e  t o p  of t u b e s  
a t t a c h e d  o r  b u i l t  i n t o  t h e . b a c k  of t h e  modules,  and d i s c h a r g i n g  i t  i n t o  
a  h o l d i n g  pond . o r  i n t o .  t h e  supp ly  sys tem.  ' A  l a r g e r  f low r a t e  would 
improve t h e  s l i g h t l y .  

I n  t h e  . t e s t  s e t u p  w a t e r  was c i r c u l a t e d  th rough  .two copper  t u b e s  
bonded . t o  t h e  b a c k s i d e  o f  a Block I S p e c t r o l a b  module. . T h i s  module h a s  
two rows of c e l l s  mounted i n  a s t a g g e r e d  p a t t e r n  on a n  aluminum I-beam. 
A s  i l l u s t r a t e d  i n  F i g u r e  .5-1, t h e  copper  t u b e s  were bonded on e i t h e r  
s i d e  of t h e  I-beam benea th  t h e  c e l l s .  w i t h  a  t h e r m a l l y  c o n d u c t i v e  

a d h e s i v e  (Eccobond 57C). The i n l e t  w a t e r  t e m p e r a t u r e  was main ta ined  
c o n s t a n t  dur ing ,  t h e  test .  Maximum power was c o n t i n u o u s l y  drawn from 

t h e  module. F i g u r e  5-1 p r e s e n t s  t empera tu res  of t h e  module as measured 

/ 
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H 2 0  INLET WATER TEMP 

. . F i g u r e  5-1. Module Temperature  P r o f i l e . a t ' N o o n  

( I n s o l a t i o n  = 95 + 2mw/cm2) 



' , at noon. .With wat'er cooling the.gradient through.the module is cut 

almost in half, and the cell is about 3OC warmer than the local water 

temperature.  evers sing the flow (bottom to. top) had no effect on the 
temperature profile, and there was no measurable change in Pmax when 

the flow was increased by a factor of five. 

The average.electrica1 efficiency of the module (Q&) was deter- 

mined by :. 

where: 

8 = time 

L = total intensity 

A = module area 

P = maximum power 
max 

'The Q, values for the tests are'presented.in Figure 5-2. Also 

shown is the QE without water cooling.and the expected qE. for other air 
temperatures assuming the calculated change in QE of 0.038% per OC 
change in average air temperature. On a hot summer day (35OC average 

air temperature), rlE'would be about 5.2% for the normal field installa- 

tion with air coolhg only. With 23OC (75OF) and 15°C (60°F) water, 
power generation.on this same hot day could be increased 16.0% 

(nE = 6.03%) and 20.8% (TI& = 6.28%), respectively. Even with 32.2OC 

(90°F) water, power generation would improve 11.0% (5.77% compared to 
5.2%) on the summer-type day. 

If it is not'already available, pumping power will consume most 

or all of the improvement in power production. Therefore, while each 
application must be treated separately, cooling with water is not 

expected to be cost effective unless the application already involves 
the pumping of water or unless a gravity water feed system is possible. 

Assuming either of the latter conditions exists, the one-time plumbing. 
cost will not be a significant cost factor; the cost of a module should 

not be'increased signif'icantly by building into the module substrate 

' the cooling channels or the provision for bonding/inserting cupper 
cooling tubes, which could be optional. 



/ 
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g u r e  5-2. E l e c t r i c a l  E f f i c i e n c y  of a Water-cooled F1 

P l a t e  P h o t o v o l t a i c  Module 



B. COMBINED PHOTOVOLTAIC AND SOLAR WATER HEATING MODULE 

Absorber a r e a  r e q u i r e m e n t s  f o r  h e a t i n g  w a t e r  o r  some o t h e r  f l u i d  

f o r  home s p a c e  and h o t  w a t e r  h e a t i n g  a r e  v e r y  l a r g e .  For example, 
Refe rence  3  shows t h a t  l o c a l l y  t h e  s o l a r  a b s o r b e r  a r e a  r e q u i r e d  f o r  an  
average  home i s  37.2 s q u a r e  m e t e r s  (400 s q u a r e  f e e t ) .  T h i s  same home 
i n  t h e  h i g h  d e s e r t  o f  C a l i f o r n i a  r e q u i r e s  69.7 s q u a r e  m e t e r s  (750 s q u a r e  
f e e t )  of a b s o r b e r  a r e a .  S o l a r  House I a t  F o r t  C o l l i n s ,  Colorado 
(Reference 4) u s e s  a l l  of t h e  roof  a r e a  f a c i n g  s o u t h  (71 .3  s q u a r e  m e t e r s )  
a s  s o l a r  c o l l e c t o r  a r e a .  T h e r e f o r e ,  t h e r e  w i l l  b e  many l o c a l i t i e s  i n  
which s u f f i c i e n t  s o u t h - f a c i n g  r e s i d e n t i a l  roof  s p a c e  i s  n o t  a v a i l a b l e  
f o r  b o t h  p h o t o v o l t a i c  and s o l a r  h e a t i n g  modules. 

S i n c e  s o l a r  c e l l s  have a  s o l a r  absorbance  a s  good a s  t h e  a v e r a g e  
b l a c k  a b s o r b e r ,  t h e  c e l l s  can r e p l a c e  t h e  b l a c k  c o a t i n g  of t h e  s o l a r  
w a t e r  h e a t e r  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  i t s  h e a t i n g  c h a r a c t e r i s -  
t i c s .  However, e l e c t r i c a l  performance is  s i g n i f i c a n t l y  degraded by t h e  

one o r  two g l a s s  l a y e r s  c o v e r i n g  t h e  a b s o r b e r  p l a t e  t o  minimize t h e  
f r o n t  t h e r m a l  l o s s e s .  T e s t s  were performed t o  e v a l u a t e  t h e  r e d u c t i o n  
i n  e l e c t r i c a l  e f f i c i e n c y  t h a t  r e s u l t s  from t h e  m a r r i a g e  o f  a  photo- 
v o l t a i c  and s o l a r  h e a t i n g  module. 

F i g u r e  5-3 i l l u s t r a t e s  t h e  combined module. The S p e c t r o l a b  Block I 

module uskd p r e v i o u s l y  f o r  w a t e r  c o d l i n g  t e s t s  was surrounded on t h e  
b a c k s i d e  by 7 .6  cm of Foamglas i n s u l a t i o n .  The Foamglas i s  a n  e x c e l l e n t  
i n s u l a t o r  and h a s  s t r u c t u r a l  c h a r a c t e r i s t i c s  a l l o w i n g  i t  t o  b e  machined 
t o  t h e  d e s i r e d  c o n f i g u r a t i o n .  D o u b l e ' s t r e n g t h  window g l a s s  0.32 cm 
t h i c k  was used f o r  t h e  g l a z i n g .  S e p a r a t i o n  d i s t a n c e  b e t w e e n , t h e  g l a s s  
and t h e  p h o t o v o l t a i c  module ( s i n g l e  g l a s s  c o n f i g u r a t i o n )  .was .1 .27 cm. 

,/ 
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F i g u r e  5-3. Combined Module C o n f i g u r a t i o n  
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The module was mounted i n  a n  eas t -wes t  d i r e c t i o n  t o  minimize 

. shadowing of t h e  c e l l s .  The a c t i v e  s i d e  of t h e  module was normal  t o  
t h e  sun a t  s o l a r  noon. Water f l o w  was from e a s t  t o  west  a t  1 5 . 1  + 3  

l i t e r s  p e r  hour .  T h i s  f low r a t e  cor responds  t o  4 . 5  g a l l o n s  p e r  hour  
p e r  s q u a r e  f o o t  of a b s o r b e r  a r e a  and i s  about  t h r e e  t i m e s  t h a t  commonly 
used i n  s o l a r  w a t e r  c o l l e c t o r s .  The t e s t  f low r a t e  was t h e  lower  prac-  
t i c a l  l i m i t  f o r  t h e  c i r c u l a t i o n  equipment and minimized t h e  e l e c t r i c a l  
mismatch l o s s e s  due t o  d i f f e r e n t  c e l l '  t e m p e r a t u r e s .  C e l l  t e m p e r a t u r e  

. d i f f e r e n c e s  of up t o  7OC ( c e l l  n e a r  t h e  w a t e r  i n l e t  compared t o  a  c e l l  
a t  t h e  w a t e r  o u t l e t )  can  b e  expec ted  a t  t h e  lower  f l o w  r a t e .  The 
h i g h e r  t e s t  f l o w  r a t e  c u t  t h i s  d i f f e r e n c e  i n  h a l f .  I n  a n  a c t u a l  sys tem,  
t h e  pump r e q u i r e m e n t s  w i l l  d i c t a t e  t h e  more common lower  f l o w  r a t e  and 
an a d d i t i o n a l  1% t o  2% d e c r e a s e  i n  p h o t o v o l t a i c  power i s  probab le .  

Three  t e s t s  were  c a r r i e d  o u t .  I n  t h e  f i r s t  test a  s i n g l e  g l a s s  
was used ,  and t h e  water inc . reased l i n e a r l y  up t o  54OC (130°F) by 
1400 PST. The second t e s t  was c a r r i e d  o u t  u s i n g  a  double  g l a s s  con- 
f i g u r a t i o n ,  and t h e  r e s u l t s  showed a p p r o x i m a t l e y  t h e  same w a t e r  tempera- 
t u r e  p r o f i l e .  I n  t h e  t h i r d  t e s t ,  a l s o  w i t h  t h e  double  g l a s s ,  an  e l e c -  
t r i c a l  h e a t e r  was t u r n e d  on a t  10:45 PST t o  s i m u l a t e  a  s l i g h t l y  h i g h e r  , 

t e m p e r a t u r e  sys tem.  The f i n a l  w a t e r  t e m p e r a t u r e  reached  was 64.4OC 
(148°F).  F i g u r e  5 - 4 ' p r e s e n t s  c e l l  t e m p e r a t u r e  as a  f u n c t i o n  of t ime  
f o r  t h e s e  L11ree t e s t s  p l u s  t h e  c e l l  t e m p e r a t u r e  f o r  t h c  same photo- 
v o l t a i c .  module i n  a  normal f i e l d  i n s t a l l a t i o n  w i t h  a i r  c o o l i n g  o n l y .  
C e l l  t e m p e r a t u r e s  f o r  t h e  f i r s t  h a l f  of t h e  morning f o r  t h e  combined 
. c o n f i g u r a t i o n  a r e  s i m i l a r  t o ,  and on o c c a s i o n  may be  lower t h a n  t h e  
a i r -coo led-on ly  c o n f i g u r a t i o n  depending on t h e  i n i t i a l  t e m p e r a t u r e  of 
t h e  s t o r a g e  w a t e r .  By mid o r  l a t e  morning,  however, t h e  c e l l  tempera- 
t u r e  f o r  t h e  combined c o n f i g u r a t i o n  exceeds  t h a t  of t h e  a i r -coo led-on ly  
c o n f i g u r a t i o n ,  and i t  remains  s i g n i f i c a n t l y  warmer th roughout  t h e  
a f t e r n o o n ,  d u r i n g  which p e r i o d  t h e  t e m p e r a t u r e  of t h e  a i r  coo led  module .  
a c t u a l l i  d e c r e a s e s .  S i n c e  power f o r  t h e  p h o t o v o l t a i c  o n l y  module 

. d e c r e a s e s  a t  a r a t e  of 0.4% p e r  O C  i n c r e a s e  i n  c e l l  t e m p e r a t u r e ,  t h e  
h i g h e r  module t e m p e r a t u r e s ,  e s p e c i a l l y  i n  t h e  a f t e r n o o n ,  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  l e s s e n i n g  t h e  e l e c t r i c a l  performance.  F i g u r e  5-5 

p r e s e n t s  t h e  e l e c t r i x a l  e f f i c i e n c y  (qE) a s  a  f u n c t i o n  of t ime  f o r  t h e  
same k e s t s  and c e l l  t e m p e r a t u r e s  c o r r e s p o n d i n g  t o  t h o s e  p r e s e n t e d  i n  
F i g u r e  5-4. 

Tab le  5-1 i s  a  summary o f  e l e c t r i c a l  e f f i c i e n c y  ( q E )  f o r  a n  8-hour 

o p e r a t i n g  p e r i o d ,  i n c l u d i n g  t h e  s o l a r  noon measurements.  To o b t a i n  t h e  
8-hour a v e r a g e  i t  w a s  n e c e s s a r y  t o  e x t r a p o l a t e  t h e  c u r v e s  i n  F i g u r e  5-5. 
The nE of t h e , p h o t o v o l t a i c  module a l o n e  was assumed t o  be  t h e  same i n  
t h e  morning as measured i n  t h e  a f t e r n o o n .  A n a l y s i s  i n d i c a t e s  t h a t  t h i s  
Is approx imate ly  t r u e ,  b u t  g e n e r a l l y  t h e  e f f i c i e n c y . w i l 1  be  s l i g h t l y  '' 

h i g h e r  i n  t h e  morning because  of c o o l e r  a i r  t e m p e r a t u r e s .  ' T h e  e f f e c t  of 

a s i n g l e  g l a s s ,  of doub le  g l a s s ,  and of t h e  h i g h e r  a f t e r n o o n  w a t e r  

t e m p e r a t u r e s  on q~ a r e  i l l u s t r a t e d  i n  T a b l e  5-1. It i s  a l s o '  a p p a r e n t  
t h a t q , f o r  t h e . n o o n  hour i s  l e s s  t h a n  t h e  d a i l y  a v e r a g e  f o r  t h e  photovol-  

t a i c  module a l o n e  b u t  g r e a t e r  t h a n  t h e  8-hour d a i l y  a v e r a g e  f o r  t h e  com- 
b ined  c o n f i g u r a t i o n s .  Compared t o  t h e , d a i l y  a v e r a g e ,  t h e  noon a v e r a g e  
performance p r e d i c t s  a  h i g h e r  performance by 22,  72, and 9%,  f o r  t he  
s i n g l e  and two double  g l a s s  c o n f i g u r a t i o n s ,  r e s p e c t i v e l y ,  a n d , a  2% lower  
performance f o r  t h e  p h o t o v o l t a i c  o n l y  module. 
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Figure 5-4. Solar Cell Temperature vs Time of Day 

for Photovoltaic Only and Combined 

Photovoltaic/Thermal Collectors 



I I I I I I I 

ONLY - COMBINED - 
PHOTOVOLTAIC 

- 

- 

'\ 
\ 
\ - - 

- t soul NOON 
- 

I 1 I I I I I 0 

800 900 1000 1100 1200 1300 1400 1500 1600 

TIME OF DAY (PST), HOUR 

Figure  5-5. E l e c t r i c a l  E f f i c i e n c y  v s  Time of Day 
f o r  Pho tovo l t a i c  Only and Combined 
Photovol ta ic /Thermal  C o l l e c t o r s  

Table  5-1. E l e c t r i c a l  E f f i c i e n c y  (nE) of '  Pho tovo l t a i c  Only and 
Combined Pho tovo l t a i c /Thema l  C o l l e c t o r s  (5) 

(Combined Modules) 

Double Glass  

S ing le  Water S t o r a g e ,  

Time pe r iod .  Photov. Only Glass  55.6"C 64.4"C 

Morning 5.49 4.64 3.72 3.85 

Af ternoon 5.49 4.32 3.34 3.10 

Dai ly  5.49 4.48 3.53 3.48 

Noon 5 .  37 4.58 3.78 3.78 



The purpose of the last' two tests was to estimate the change in 

?, which occurred with a change in water storage temperature. The com- 
parison was less than ideal because of the difference in the initial 

water storage.temperatures. However, assuming morning values for qE 

to be the same,.and basing the'est'imated change in rlE only on the change 

in 'afternoon performance, the estimated values for electrical efficiency 

are minimum but-representative of actual values. The minimum change in 

daily electrical performance for a change in water storage temperature 

. . 
(AnE/AT STR.) is thus estimated at 0.014% per OC for the double glass 

configuration. Figure 5-6 graphically illustrates this effect. Approxi- 
mately a 50% reduction in qE from that for the.photovoltaic module alone 

would.be approached with a combined module.and 100°C fluid storage, as 

occurs. for Solar House .l. 

Since the danger of a decrease in flow rate is of concern with 

this type of combined module, a test was made to illustrate'this effect. 

Additional'heat was added to the storage water and the cell temperature 

was. elevated to 75.6OC by 11:OO PST, at which time 'the flow was stopped. 

The cell temperature continued to increase to a maximum of 91.1°C at 

12:30 PST. This temperature is not cause for concern, however.such a 

failure on a hot day and,with a thermally more efficient.system would 

PHOTOVOLTAIC MODULE-AIR COOLING ONLY ------------- 

5 .O 

WATER STORAGE TEMPERATURE -OC 

Figure 5-6. Effect of Water Storage Temperature on the Electrical 

Efficiency of a Combined Photovoltaic/Thermal Collector 



r e s u l t  i n  c e l l  t e m p e r a t u r e s  g r e a t e r  t h a n  100 C and p e r h a p s  a s  h i g h  a s  

l m O  C .  .New m a t e r i a l  problems may b e g i n  t o  show up a t  t h e  l a t t e r  
t e m p e r a t u r e .  

T a b l e  5-2 i s  a  c o s t  summary i n  $ p e r  w a t t  f o r m u l a t e d  from t h e  

p r e c e d i n g  e f f i c i e n c i e s  and 1980 and 1986 p h o t o v o l t a i c  module c o s t  g o a l s .  
The o p t i m i s t i c  e s t i m a t e s  assume t h a t  a l l  n o n - c e l l - r e l a t e d  c o s t s  a r e  
absorbed  by t h e  s o l a r  w a t e r  h e a t i n g  module. Sometime i n  t h e  1980 t o  
1984 t ime p e r i o d  t h e  m a r r i a g e  c o n f i g u r a t i o n s  w i l l  be  c o s t  e f f e c t i v e  i n  
remote  a p p l i c a t i o n s .  Beginning i n  1986,  t h e  combined module f o r  moder- 
a t e  s t o r a g e  t e m p e r a t u r e s  cou ld  r e d u c e  t h e  c o s t  t o  l e s s  t h a n  5 0 ~  p e r  w a t t .  
For  r e s i d e n t i a l  a p p l i c a t i o n s  t h e  combined module w i l l  be most d e s i r a b l e .  

T a b l e  5-2. P r e l i m i n a r y  Economic I m p l i c a t i o n s  of Combined C o l l e c t o r s  

Water 
1982 Cost  1986 Cost  

C o l l e c t o r  E x i t  Temp 
( $ / w a t t >  ( $ / w a t t >  

C o n f i g u r a t i o n  (OC) C e l l s  Sub T o t a l  C e l l s  Sub T o t a l  

- 1 .80  0 .20  2 .00 0 .34 0.16 . 0.50 PV Only 

Combined 6  0  2 .21  0 2 . 2 1  0 .40 0  0 .40  
( s i n g l e  g l a s s )  

Combined 6  0  2.45 0  2 .45  0 .46 0  0.46 
(doub le  g l a s s )  

C .  MODULE WITH A PHASE CHANGE MATERIAL 

'I'here have beell s e v e r a l  a p p l i c a t i o n s ,  b o t h  t e r r ~ . s t . r i a l  and i n  

s p a c e ,  i n  w h i c h ' t h e  l a t e n t  h e a t  of f u s i o n  i s  used t o  a b s o r b  e x c e s s  

energy  . to  l i m i t  a n  o t h e r w i s e  u n a c c e p t a b l e  r i s e  i n  t e m p e r a t u r e .  A 

v a r i e t y  of phase  change m a t e r i a l s  a r e  a v a i l a b l e  s o  t h a t  co r respondence  
between t h e  d e s i r e d  m e l t i n g  p o i n t  and a p p l i c a t i o n  a r e  e a s i l y  o b t a i n a b l e  
i f  c o s t  i s  n o t  a  p r imary  c o n s i d e r a t i o n .  Cost  i s  a  p r imary  f a c t o r  f o r  ' 

t h e  LSA P r o j e c t ,  and o n l y  a  few of t h e  waxes have t h e  p o t e n t i a l  t o  b e  a  

c o s t  e f f e c t i v e  means of lower ing  o r  l i m i t i n g  t h e  p h o t o v o l t a i c . m o d u l e  ' 

t e m p e r a t u r e .  

T a b l e  5-3 ( f rom Refe rence  5)  p r e s e n t s  t h e  p r o p e r t i e s  of t h r e e  
waxes whose p r o j e c t e d  c o s t  p e r  l b  f o r  l a r g e  commercial  q u a n t i t i e s  show 

p o t e n t i a l  f o r  t h e r m a l  s t o r a g e  a p p l i c a t i o n s .  Of t h e s e  waxes,  E icosane  

h a s  a m e l t i n g  p o i n t  (36.7OC) 4°C t o  7OC l e s s  t h a n  t h e  NOCT of t h e  
b l o c k  I1 modules ( 4 1 ' ~  t o  47OC). T h e r e f o r e ,  i f  t h e  phase  change m a t e r i a l  

were s u c c e s s f u l  i n  a b s o r b i n g  t h e  e x c e s s  t.hermal e n e r g y ,  a n  improvement 
i n  power of 2% t o  3-1/2% c o u l d  b e  e x p e c t e d .  



Table  5-3. M a t e r i a l  P r o p e r t i e s  of Candidate  Fus ion  M a t e r i a l s  

Carb owax 

P r o p e r t y  P a r a f f i n  Wax Eicosane  1000 . . 

Formula 

. . 
Molecu la r  weight  

Var ious  C 
X 

H2 x+2 
' 2 0 ~ 4 2  

Approx. 300 2 82 950-1050 

Dens i ty  
3 

S o l i d  l b / f t  
5 1 

53.4 71.8 
Liq'uid l b / f t  48.6 

. . 

M e l t i n g  Temperature (OF) 116 96 .1  100-105' 

L a t e n t  h e a t  (BTu/lb) 6 5 106 6 7 

S p e c i f i c  h e a t  
S o l i d '  (BTU/lb°F) 0.72 0 .53  0 .54  

L iqu id  0 .50 0. '18 

C o e f f i c i e n t  of ~ h e r m a l  
Expansion ( 1 l 0 F )  

1 5  Expansion i n  phase  change (%) 

Thermal c o n d u c t i v i t y  BTU/hr 
f  t 2 0 F / f  t 

M a t e r i a l  C o m p a t i b i l i t y  No problem No problem No problem 

Hazards Flammable Flammable 

Common usage  Paper  
c o a t i n g  

Thermos t a t  Rubber and 
a c t u a t i o n  t e x t i l e  

i n d u s t r i e s  

Annual p r o d u c t i o n  347,000 Tons 30-40 Tons 

A S p e c r r o l a b  Bluck I modulc wac enc losed  on t h e  b a c k s i d e  a s  i l l u s -  

t r a t e d  i n  F i g u r e  5-7. The module aluminum s u b s t r a t e  was i n  d i r e c t  con- 
t a c t  w i t h  t h e  wax. The t e s t  c o n f i g u r a t i o n  was t h a t  normal ly  used f o r  
t h e  NOCT measurement w i t h  t h e  module mounted i n  a n  a r r a y  and surrounded 

e i t h e r  by o t h e r  modules o r  by b l a c k  p l a t e s  s i m u l a t i n g  o t h e r  modules.  
The t i l t  a n g l e  of t h e  a r r a y  was a d j u s t e d  t o  m a i n t a i n  t h e  module normal 
Lu rhe  sun a t  s o l a r  noon. Techn ica l  grade  Eicosane  and common cann ing  
p a r a f f i n  were used f o r  t h e  phase  change m a t e r i a l s .  T e c h n i c a l  g r a d e  
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F i g u r e  5-7. Phase Change P h o t o v o l t a i c  Module 

Eicosane m e l t s  a t  abou t  2°C lower t h a n  t h e  E icosane  shown i n  T a b l e  5-3. 
Because of t h e  i m p u r i t i e s  i n  t h i s  g r a d e  of E icosane  t h e  l a t e n t  h e a t  w i l l  

a l s o  be s l i g h t l y  l e s s  then t h a t  shown i n  t h e  t a b l e .  The cann ing  

p a r a f f i n  was observed t o  m e l t  a t  a b o u t  6°C h i g h e r  t h a n  t h a t  i n d i c a t e d  
i n  t h e  t a b l e .  It was purchased a t  a  l o c a l  supermarket  f o r  4 3 ~  p e r  

pound (compared t o  1 1 ~  per  pound i n  Tab le  5-3) and t h e  t e c h n i c a l  g rade  
E icosane  c o s t s  $1.70 p e r  pound. The p u r e  E icosane  was a v a i l a b l e  f o r  
$11.72 p e r  pound from t h e  same vendor  (Humphrey Chemical C o r p o r a t i o n ) .  

. The e l e c t r i c a l  e f f i c i e n c y  (nE) i s  based on t h e  p h o t o v o l t a i c  module 
a r e a  and i s  a s  d e f i n e d  p r e v i o u s l y .  Tab le  5-4 summarizes nE f o r  t h e  

t h r e e  t e s t s .  Performance i s  based on 8-hour o p e r a t i o n .  The S p e c t r o l a b  

module h a s  a  v e r y  low NOCT (41°C),  t h a t  was made lower by t h e  a t t a c h -  
ment of t h e  aluminum box. T h e r e f o r e ,  t h e  s m a l l  improvement o f  1 .2% 
( p a r a f f i n )  and 1 .4% (Eicosane)  was abou t  a s  expec ted .  .The improvements 

a r e  minimum s i n c e  t h e  a i r  t empera tu re  a s  w e l l  a s  t h e  s o l a r  i n t e n s i t y  w a s  
t h e  same o r  g r e a t e r ' o n  t h e  days  d u r i n g  which t h e  wax was used.  A s  a  

r e s u l t  h i g h e r  c e l l  t e m p e r a t u r e s  would have r e s u l t e d  w i t h o u t  u s e  of wax 

on t h o s e  days .  

Tab le  5-4. E l e c t r i c a l  E f f i c i e n c y  ( q E )  R e s u l t s  

Phase  Change 

M a t e r i a l  
q &  (%>  

~ m ~ r o v e m e n t  , (%) 

None . 5 . 7 3  0.0 

Canning p a r a f f i n  5 .80 1 .22 

Tcch g r a d e  Ei'cosane 5 . 8 1  1 . 4 0  



F i g u r e  5-8 shows t h e  c e l l  t e m p e r a t u r e  f o r  e a c h  t e s t ,  and t h e  

e f f e c t  of t h e  wax i s  more e v i d e n t .  During t h e  t e s t  on ly  a  p o r t i o n  of 

t h e  E icosane  mel ted  and no m e l t f n g  o c c u r r e d  w i t h  t h e  p a r a f f i n  because  of 

i t s  h i g h  m e l t i n g  p o i n t .  The h e a t e d  wax keeps  t h e  c e l l  t e m p e r a t u r e  

h i g h e r  d u r i n g  t h e  l a s t  two h o u r s  of t h e  day.  Because of r a d i a t i o n  t o  
t h e  n i g h t  sky ,  t h e  module and wax c o o l  t o  l e s s  t h a n  t h e  night '  a i r  temper- 
a t u r e ,  which i n c r e a s e s  t h e  the rmal  s t o r a g e  c a p a c i t y  and a c c o u n t s  f o r  t h e  
i n i t i a l  lower c e l l  t e m p e r a t u r e s .  

These t e s t s  have i l l u s t r a t e d  t h a t  b e t t e r  p h o t o v o l t a i c  performance 
can  be o b t a i n e d  w i t h  a phase  change m a t e r i a l .  However, c u r r e n t  p r i c e s  
of t h e  waxes make t h e  t e c h n i q u e  t o o  expens ive .  Even w i t h  p r e d i c t e d  
f u t u r e  p r i c e  r e d u c t i o n s  (assuming i n c r e a s e d  p r o d u c t i o n ) ,  u s i n g  a  phase  

change m a t e r i a l  would p robab ly  o n l y  be c o s t  e f f e c t i v e  i n  some of t h e  
remotes t  a p p l i c a t i o n s .  

D. ELECTRICAL PERFORMANCE OF DIRTY MODULES 

The module s h o r t - c i r c u i t  c u r r e n t  was measured i n  n a t u r a l  s u n l i g h t  

a t  s o l a r  noon f o r  s e v e r a l  a n g l e s  of i n c i d e n c e  o b t a i n e d  by changing t h e  
t i l t  a n g l e s  of t h e  module. F i g u r e  5-9 summarizes t h e  measurements f o r  

c l e a n  modules hav ing  a f r o n t  s u r f a c e  of g l a s s  and Sy lgard  184. When 
t h e  module i s  c l e a n ,  t h e  s h o r t - c i r c u i t  c u r r e n t  v a r i e s  as t h e  c o s i n e  of 

MTL TEST DATE 

110 

100 

'm 

N O  WAX 12-14-77 

+ PARAFIN 12-2-77 

X EICOSANE 11-14-77 

- I I I I I I I I I 

- 
- 

- 
- 

EICOSANE (TECH GRADE) 
- 

80 - 

- 

F i g u r e  5-8. C e l l  ~ e m ~ e r a t u r ' e  During T e s t s  w i t h  Phase  Change M a t e r i a l s  

40 
. . 0~ OeQO m loo0 1100 1200 1300 1400 1500 1600 1700 

PST - HOURS 

1 1 I I I I 1 I I 5 



@ * ANGLE OF INCIDENCE, DEGREES 

F i g u r e  5-9. S h o r t - C i r c u i t  C u r r e n t  v s  Angle oE I n c i d e n c e  

t h e  i n c i d e n c e  a n g l e  f o r  b o t h  t y p e s  of modules. F i g u r e  5-10 i s  a  s i m i l a r ;  

p l o t  f o r  t h e  Sy lgard  184 module i l l u s t r a t i n g  t h e  e f f e c t  of d i r t  accumu- 
l a t i o n .  A f t e r  one week of d i r t  accumula t ion  t h e  d e g r a d a t i o n  i s . a b o u t  

2% and c o n s t a n t  f o r  a n g l e s  of i n c i d e n c e  up . t o  60° .  A f t e r  one month 

t h e  d e g r a d a t i o n  i s  6.5% a t  normal i n c i d e n c e  and i n c r e a s e s  a lmos t  
l i n e a r l y  t o  11.5% a t  an  a n g l e  of i n c i d e n c e  of 60" 

. ' These t e s t s  show t h a t  normal i n c i d e n c e  measurements of t h e  e f ' f e c t  . 
of d i r t  a r e  o n l y  r e p r e s e n t a t i v e  of " l i g h t "  d i x t  accumula t ion  as might be  

expec ted  f o r  modules washed a t  two-week i n t e r v a l s .  I n  a  "severe"  d i r t  
environment ,  t h e  d e g r a d a t i o n  i s  g r e a t e r  t h a n  t h a t  i n d i c a t e d  by t h e  
normal measurements; 
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F i g u r e  5-10. S h o r t - C i r c u i t  C u r r e n t  vs Angle 

of I n c i d e n c e  and D i r t  Buildup 



SECTION V I  

CONCLUSIONS 

. . 
A .  PHOTOVOLTAIC MODULE THERMAL PERFORMANCE 

F i g u r e  6-1 summarizes t h e  NOCT measurements of t h e  vendor-suppl ied 
modules and i l l u s t r a t e s  t h e  t r e n d  i n  NOCT. Care  i n  the rmal  d e s i g n  and 

c o s t  c o n s i d e r a t i o n s  a r e  f o r c i n g  t h e  NOCT i n t o  t h e  4 3 ' ~  t o  480C range .  

A good the rmal  d e s i g n  u t i l i z e s  a t h i n  s u b s t r a t e  w i t h  h i g h  i n f r a r e d  
emiss ion  and low s o l a r  a b s o r p t i o n ,  and t h e  module h a s  no a i r  v o i d s .  

Very l i t t l e  a d d i t i o n a l  the rmal  improvement i s  p o s s i b l e  'with t h e  f l a t  
p l a t e  c o n f i g u r a t i o n .  Th is  is  a p p a r e n t  on examining t h e  NOCT e f f i c i e n c y  

(vNOCT) and t h e  two paramete rs  whose p r o d u c t  r e s u l t s  i n  NOCT. A s  shown 

i n  Table  6-1, qNOCT i s  between 0 .90 and 0 .93  f o r  t h e  Block I1 modules. 
' I f  t h e  l o w e s t  maximum power c o e f f i c i e n t  (Table  6-1) i s  combined w i t h  t h e  

minimum t e m p e r a t u r e  d i f f e r e n c e  (NOCT-28°C) , t h e n  qNoCT i s  e q u a l  t o  0.94. 

Because o f  c o s t ,  0 . 9 4  p robab ly  r e p r e s e n t s  a p r a c t i c a l  upper  l i m i t  of 

' ' 1 ~ 0 ~ ~  o b t a i n a b l e  fo ' r  t h e  f l a t  p l a t e  c o n f i g u r a t i o n .  Good the rmal  d e s i g n ,  
a s  t y p i f i e d  by t h e  Block I1 modules,  r e s u l t s  i n  the rmal  performance 

w i t h i n  1% and 4% of  t h a t  p robab ly  o b t a i n a b l e  from t h e  t h e r m a l l y  optimum 

r e a l i s  t i c  d e s i g n .  

OTHER TESTS B. 

1. Water Cooled Module 

S i g n i f i c a n t  improvement i n  module performance is ,  p o s s i b l e  by cool-  
i n g  the .module  w i t h  w a t e r .  However, c o o l i n g  w i t h  w a t e r  i s  n o t  expec ted  

Tab le  6-1. NOCT and QNOCT Summary 

Block I1 NOCT Max Pwr x NOCT = qNOCT No. of T e s t s  
Module O C  Coef f .  - 2 8 ' ~  Performed 

Sensor Tech 43.0 .00505 15 .0  .924 6 

S p e c t r o l a b  41.1  .00524 13.1  .931 9 

S o l a r e x  47.0 .00451 19 . O  .914 6 

. . S o l a r  Power 46.0  .00546 18.0  .902 2 



t o  b e  c o s t  e f f e c t i v e  u n l e s s  t h e  a p p l i c a t i o n  a l r e a d y  i n v o l v e s  pumping of 
t h e  wa te r  ( i r r i g a t i o n ,  ,swimming p o o l s ,  e t c . ) ,  o r  u n l e s s  a  g r a v i t y  w a t e r  

feed  system i s  p o s s i b l e .  

2 .  Combined P h o t o v o l t a i c  and S o l a r  Water Hea t ing  Module 

T e s t s  and c o s t  e s t i m a t e s  i n d i c a t e  t h a t  a  combined p h o t o v o l t a i c  and 

s o l a r  w a t e r  h e a t i n g  module might b e  c o s t  e f f e c t i v e  i n  t h e  mid 1980 ' s .  
Sandia  i s  c u r r e n t l y  e v a l u a t i n g  s e v e r a l  combined t h e r m a l / p h o t o v o l t a i c  c o l -  

l e c t o r s .  .Both w a t e r  and a i r  h e a t i n g  modules a r e  i n c l u d e d  i n  t h i s  s t u d y .  

3 .  Combined P h o t o v o l t a i c  and Thermal S t o r a g e  System 

Reducing t h e  module t e m p e r a t u r e  by u s i n g  a  phase  change m a t e r i a l  
is  n o t  c o s t  e f f e c t i v e .  I f  the rmal  energy  s t o r e d  i n  t h e  phase  change 

m a t e r i a l  is a l s o  u t i l i z e d ,  a  combined p h o t o v o l t a i c  and the rmal  s t o r a g e  
sys tem may prove t o  b e  c o s t  e f f e c t i v e .  An example o f  t h i s  combinat ion . 
i s  i l l u s t r a t e d  i n  F i g u r e  6-2. The concept  employs t h e  l i g h t w e i g h t  s o l a r  
dome developed b,y Boeing,  w i t h  p a r a f f i n  wax a s  t h e  phase  change m a t e r i a l  

f o r  the rmal  s t o r a g e .  S i n c e  t h e  wax is t o t a l l y  c o n t a i n e d ,  t h e  b u i l d i n g  
r e t u r n  a i r  can,  on command, b e  d i v e r t e d  t o  and h e a t e d  d i r e c t l y  i n  t h e  

combined p h o t o v o l t a i c  and the rmal  s t o r a g e  a r e a .  Water a t  c i t y  l i n e  
p r e s s u r e  i s  a l s o  r o u t e d  through t h e  wax f o r  p r e h e a t i n g  p r i o r  t o  e n t e r i n g  
t h e  normal w a t e r  h e a t e r .  
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F i g u r e  6-1. NOCT Summary . . 



A t  t h e  wax m e l t i n g  p o i n t ,  more energy can be  s t o r e d  w i t h  abou t  

15%- l e s s  we igh t  than  w i t h  w a t e r .  T h e r e f o r e ,  t h i s  t y p e  of sys tem w i l l  b e  
b e t t e r  s u , i t e d  f o r  roof  (apar tment  and i n d u s t r i a l  b u i l d i n g s )  and r e s i -  
d e n t i a l  a t t i c  i n s t a l l a t i o n s .  For r e s i d e n t i a l  i n s t a l l a t i o n  t h e  dome 

would be  r e p l a c e d  by g l a s s ,  and double  g l a s s  may b e  d e s i r a b l e  t o  mini-  
mize n i g h t t i m e  l o s s e s .  O p t i m i z a t i o n  o f  t h i s  concept  w i l l  v a r y  w i t h  t h e  
a p p l i c a t i o n .  However, e l i m i n a t i n g  t h e  secondary l o o p  by p l a c i n g  t h e  
the rmal  s t o r a g e  sys tem i n  t h e  pr imary w a t e r  and s p a c e  h e a t i n g  l o o p s  and 
t h u s  u t i l i z i n g  t h e  e x i s t i n g  s p a c e  h e a t i n g  f a n ,  c i t y  w a t e r  p r e s s u r e  and 
e x i s t i n g  a t t i c  o r  roof  s p a c e  w i l l  r e s u l t  i n  l i g h t e r  we igh t  and i n  c o s t  
s a v i n g s  which make t h e  concept  d e s e r v i n g  o f  a d d i t i o n a l  s t u d y .  

4 .  E l e c t r i c a l  Performance of D i r t y  Modules 

T e s t s  of t h e  e f f e c t  of d i r t  i n d i c a t e  t h a t  "normal i n c i d e n c e "  mea- 
surements  a r e  a c t u a l l y  r e p r e s e n t a t i v e  of " l i g h t "  d i r t  accumula t ion .  I n  a  
"severe1 '  d i r t  environment ,  t h e  d e g r a d a t i o n  i s  g r e a t e r  t h a n  t h a t  i n d i c a t e d  
by t h e  normal measurements. A s  r e p o r t e d  i n  t h e  LSA Q u a r t e r l y  Report  of 

Apr i l - June ,  1977, a  6.5% d e g r a d a t i o n  based on normal i n c i d e n c e  f o r  a n g l e s  
of i n c i d e n c e  up t o  60",  i n c r e a s e s  t o  8% when weighted a c c o r d i n g  t o  t h e  
annua l  energy o u t p u t  a s  a  f u n c t i o n  of i n c i d e n c e  a n g l e .  

BOEING 
SOLAR DOME 

COLD WATER 

P,,,, w, (NOT TO SCALE) 

F i g u r e  6-2. Combined P h o t o v o l t a i c  and Thermal S t o r a g e  System, 
f o r  Space and Hot Water H e a t i n g ,  
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APPENDIX A 

DETERMINATION OF NOMINAL OPERATING CELL TEMPERATURE 

T h i s  appendix p r o v i d e s  t h e  approved p rocedure  f o r  d e t e r m i n a t i o n  o f  
s o l a r  c e l l  module Nominal O p e r a t i n g  C e l l  Temperature (NOCT) u s i n g  n a t u r a l  

s u n l i g h t  t e s t i n g .  

A. PURPOSE 

The purpose  of t h i s  test i s  t o  a c q u i r e  s u f f i c i e n t  d a t a  t o  a l l o w  a n  
a c c u r a t e  d e t e r m i n a t i o n  of t h e  nominal o p e r a t i n g  t e m p e r a t u r e s  o f  t h e  
s o l a r  c e l l s  o f  a  t e r r e s t r i a l  s o l a r  a r r a y  module. 

By d e f i n i t i o n ,  t h e  Nominal O p e r a t i n g  C e l l  Temperature  (NOCT) i s  t h e  
module c e l l  t e m p e r a t u r e  under o p e r a t i n g  c o n d i t i o n s  i n  t h e  Nominal 

T e r r e s t r i a l  Environment (NTE) which i s  d e f i n e d  as: 

I n s o l a t i o n  = 80 mW/cm 
2  

A i r  Temperature  = 20°c 

Wind Average V e l o c i t y  = 1 m/s 

Mounting - T i l t e d ,  open Back, Open C i r c u i t  

The NOCT t e s t  p rocedure  i s  based  on g a t h e r i n g  a c t u a l  -measured c e l l  
t empera tu re  d a t a  v i a  thermocouples  a t t a c h e d  d i r e c t l y  t o  t h e  c e l l s  of 
i n t e r e s t ,  f o r  a  range  of env i ronmenta l  c o n d i t i o n s  s i m i l a r  t o  t h e  NTE. 
The d a t a  a r e  t h e n  p r e s e n t e d  i n  a  way t h a t  a l l o w s  a c c u r a t e  and r e p e a t a b l e  

i n t e r p o l a t i o n  of t h e  NOCT t e m p e r a t u r e .  

B .  DETERMINATION .OF NOCT 

The t empera tu re  o f  t h e  s o l a r  c e l l  (Toll) i s  p r i m a r i l y  a  f u n c t i o n  

of t h e  a i r  t e m p e r a t u r e  (Tair), t h e  average  wind v e l o c i t y  (V), and t h e  

t o t a l  s o l a r  i n s o l a t i o n  (L)  impinging on t h e  a c t i v e  s i d e  o f  t h e  s o l a r  

a r r a y  module. The approach f o r  d e t e r m i n i n g  NOCT is  based  on t h e  f a c t  

t h a t  t h e  t e m p e r a t u r e  d i f f e r e n c e  (Tcell-Tair) i s  l a r g e l y  independen t  

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

i n s o l a t i o n  l e v e l .  Analyses  i n d i c a t e  t h a t  t h e  l i n e a r  assumpt ion  is  q u i t e  
good f o r  i n s o l a t i o n  l e v e l s  g r e a t e r  t h a n  abou t  40 mw/cmZ. The p rocedure  

c a l l s  f o r  p l o t t i n g  (TCel1-Tai,) a g a i n s t  t h e  i n s o l a t i o n  l e v e l  f o r  a  

p e r i o d  when wind c o n d i t i o n s  a r e  f a v o r a b l e .  The NOCT v a l u e  i s  t h e n  
de te rmined  by a d d i n g  Tair  = 20°C t o  t h e  v a l u e  of TCel1-Tair) i n t e r p o l a t e d  
f o r  t h e  NTE i n s o l a t i o n  l e v e l  o f  80 mw/cm2, i . e . ,  NOCT = (TCel1-Tair)1 
NTE + 2 0 ' ~ .  

The p l o t  of'(Tcell-Tair) vs L s h a l l  b e  de te rmined  by conduc t ing  a  
minimum of  two f i e l d  t e s t s  i n  which t h e  module b e i n g  c h a r a c t e r i z e d  i s  
t e s t e d  under  t e r r e s t r i a l  env i ronmenta l  c o n d i t i o n s  approx imat ing  t h e  NTE 
i n  accordance  w i t h  t h e  t e s t i n g  g u i d e l i n e s  which f o l l o w .  Each t e s t  s h a l l  



c o n s i s t  o f  a c q u i r i n g  a  semicont inuous  r e c o r d  of ( T c e l l  - Tai r )  o v e r  a  
one- o r  two-day p e r i o d ,  t o g e t h e r  w i t h  o t h e r  measurements a s  r e q u i r e d  
t o  c h a r a c t e r i z e  t h e  t e r r e s t r i a l  environment d u r i n g  t h e  t e s t i n g  p e r i o d .  

Accep tab le  d a t a  s h a l l  c o n s i s t  o f  measurements made when t h e  average  
wind v e l o c i t y  i s  1 m / s  2 0.75 m / s  and w i t h  g u s t s  1 e s s . t h a n  4  m / s  f o r  a  
p e r i o d  o f  5  minu tes  p r i o r  t o  and up t o  t h e  t ime  o f  measurement. Local  

a i r  t empera tu re  d u r i n g  t h e  t e s t  p e r i o d  s h a l l  b e  20°c 2 150C. Using o n l y  
a c c e p t a b l e  d a t a  a s  s o  d e f i n e d ,  a p l o t  s h a l l  b e  c o n s t r u c t e d  from a set of 
measurements made e i t h e r  p r i o r  t o  s o l a r  noon o r  a f t e r  s o l a r  noon which 

d e f i n e s  t h e  r e l a t i o n s h i p  between ( T c e l l  - Tai r )  and t h e  s o l a r  i n s o l a t i o n  
l e v e l  (L) f o r  L  - > 40 mw/cm2.* 

When (TCel1 - Tair) i s  p l o t t e d  a s  a  f u n c t i o n  of L f o r  average  wind 
v e l o c i t i e s  l e s s  t h a n  1 .75  m / s ,  r e s u l t s  s i m i l a r  t o  those ' shown i n  
F i g u r e  A-1 a r e  o b t a i n e d .  For t h e  d a t a  shown t h e  l o c a l  a i r  t e m p e r a t u r e  
was 15.6OC + 4 . 5 ' ~  and t h e  wind speed v a r i e d  from z e r o  t o  l e s s  t h a n  

4 m / s  w i t h  an a v e r a g e  of 1 m / s .  Using t h e  p l o t  of (TCel1 - Tair) vs L, 
t h e  v a l u e  of ( T c e l l  - Tai r )  a t  NTE i s  determined by i n t e r p o l a t i n g  t h e  

average  v a l u e  of ( T c e l l  - Tai r )  f o r  L  = 80 m ~ / c m 2 .  Using t h e  d a t a  i n  
F i g u r e  A-1 a s  an  example, ( T o l l  - Tai r )  a t  NTE i s  determined t o  b e  
22.20C. The p r e l i m i n a r y  v a l u e  of NOCT i s  t h u s  2 2 . 2 ' ~  + 200C = 42 .2 '~ .  

*The two sets  of  measurements can b e  combined i n t o  a  s i n g l e  set prov ided  
' 

t h e  average  a i r  t e m p e r a t u r e  of t h e  two s e t s  does  n o t  d i f f e r  by more t h a n  
approx imate ly  5OC. I f  t h e  average  a i r  t e m p e r a t u r e  is  s i g n i f i c a n t l y  d i f -  

f e r e n t ,  t h e  r e s u l t i n g  e f f e c t  appears  a s  an  i n c r e a s e  i n  t h e  s c a t t e r  o f  t h e  
p l o t t e d  d a t a .  A s  a  r e s u l t  t h e  d a t a . w i l l  be more d i f f i c u l t  t o  f i t  and 

a  l e s s  a c c u r a t e  r e s u l t  i s  ~ o s s i b l e .  
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F i g u r e  A- 1. TVD i c a l  C e l l  T e m ~ e r a t u r e  Data 



C .  A I R  TEMPERATURE AND WIND CORRECTION 

A c o r r e c t i o n  f a c t o r  t o  t h e  p r e l i m i n a r y  NOCT f o r  a v e r a g e  a i r  

t e m p e r a t u r e  and wind v e l o c i t y  i s  determined from F i g u r e  A-2. T h i s  v a l u e  

i s  added - t o  t h e  p r e l i m i n a r y  NOCT and c o r r e c t s  t h e  d a t a  t o  20°C and 

1 m / s .  Tair  and a r e  t h e  average  t e m p e r a t u r e  and wind v e l o c i t y  f o r  
t h e  t e s t  p e r i o d .  

- 
For t h e  t e s t  d a t a  shown i n  F i g u r e  A-1, V i s  1 m / s  and Tair i s  

15 . ~ O C .  From F i g u r e  A-2, t h e  c o r r e c t i o n  f a c t o r  i s  OOc. The NOCT i s  
t h e r e f o r e  4 2 . 2 O ~ .  

AVERAGE AIR TEMPERATURE (Ti,) 

F i g u r e  A-2. NOCT C o r r e c t i o n  F a c t o r  



D. TEST GEOMETRY 

The p l a n e  of  t h e  module s h a l l  b e  p o s i t i o n e d  s o  t h a t  i t  i s  normal 

t o  t h e  s u n  (f5O) a t  s o l a r  noon. 

2 .  Heigh t  

The bot tom edge of  t h e  module s h a l l  be  2 f e e t  o r  more above t h e  

h o r i z o n t a l  p l a n e  o r  ground l e v e l .  

3 .  Subarray C o n f i g u r a t i o n .  

The module s h a l l  b e  l o c n t c d  i n  t h e  i n t e r i o r  of  a 1:2 m x 1 . 2  m 
( 4 '  x  4 ' )  s u b a r r a y .  Black aluminum p a n e l s  o r  o t h e r  modules o f  t h e  
same d e s i g n  s h a l l  b e  u s e d  t o  f i l l  i n  any remain ing  open a r e a  o f  t h e  
s u b a r r a y  s t r u c t u r e .  The back  o f  t h e  s u b a r r a y  s h a l l  b e  exposed .  

4 .  Sur round ing  Area 

There  s h a l l  b e  no o b s t r u c t i o n s  t o  p r e v e n t  f u l l  i r r a d i a n c e  o f  t h e  

module b e g i n n i n g  a  minimum of 4 h o u r s  b e f o r e  s o l a r  noon and up t o  4 hours  
a f t e r  s o l a r  noon. The ground s u r r o u d d i n g  t h e  module s h a l l  n o t  have  a  

h i g h  s o l a r  r e f l e c t a n c e  and s h a l l  b e  f l a t  a n d / o r  s l o p i n g  away from t h e  
t e s t  f i x t u r e .  Grass  and v a r i o u s  t y p e s  of ground c o v e r s ,  b l a c k t o p ,  and . 

' d i r t  a r e  recommended f o r  t h e  l o c a l  s u r r o u n d i n g  a r e a .  ~ u i l d i n ~ s  h a v i n g  

a  i a r g e  s o l a r  r e f l e c t i v e  f i n i s h  s h a l l  n o t  b e  p r e s e n t  i n  t h e  immediate  
v i c i n i t y .  Good e n g i n e e r i n g  judgment s h a l l  be  e x e r c i s e d  t o  a s s u r e  t h a t  ' 

t h e  module, f r o n t  and back  s i d e s ,  i s  r e c e i v i n g  a  minimum of '  r e f l e c t e d  

s o l a r  energy from t h e  s u r r o u n d i n g  a r e a .  

5 .  Wind D i r e c t i o n  

The wind s h a l l  n o t  b e  p redominan t ly  from due e a s t  o r  from due 

w e s t ;  f low p a r a l l e l  t o  t h e  p l a n e ' o f  t h e  a r r a y  i s  n o t  a c c e p t a b l e  and can  
r e s u l t  i n  a  lower  t h a n  t y p i c a l  o p e r a t i n g  c e l l  t e m p e r a t u r e .  

6 .  Module E l e c t r i c a l  Load 

Data s h a l l  b e  o b t a i n e d  f o r  a  module o p e n - c i r c u i t  c o n d i t i o n  c o r r e s -  
ponding t o  z e r o  e l e c t r i c a l  power o u t p u t .  



E. TEST EQUIPMENT 

1. Pyranometer 

The t o t a l  s o l a r  i r r a d i a n c e  on t h e  a c t i v e  s i d e  o f  t h e  module s h a l l  

b e  measured by a  pyranometer mounted on t h e  p l a n e  of t h e  module and 
w i t h i n  . 3  m ( 1  f o o t )  o f  t h e  a r r a y .  The pyranometer used s h a l l  have a  
t r a c e a b l e  annua l  c a l i b r a t i o n  t o  a  recognized  s t a n d a r d  i n s t r u m e n t  and 

s h a l l  be e i t h e r  (1)  a  temperature-compensated u n i t  which h a s  l e s s  t h a n  
+1% d e v i a t i o n  i n  s e n s i t i v i t y - o v e r  t h e  range -20°C t o  +40°C, o r  ( 2 )  a  
u n i t  which i n c o r p o r a t e s  a .  t e m p e r a t u r e  s e n s o r  and h a s  a , s e n s i t i v i t y -  
t e m p e r a t u r e  correction s u p p l i e d  w i t h  i ts  c a l i b r a t i o n .  

2.  Wind Mrasureii~ent 

Both t h e  wind d i r e c t i o n  and wind speed  s h a l l  be  measured a t  t h e .  

approx imate  h e i g h t  of t h e  module and a s  n e a r  t o  t h e  module a s  f e a s i b l e .  

3 .  A i r  Temperature 

The l o c a l  a i r  t empera tu re  s h a l l  be  measured a t  t h e  approx imate  

h e i g h t  of t h e  module. The measurement s h a l l  be  made i n  t h e  shadow of . . ' 

t h e  module and s h a l l  be  a c c u r a t e , t o  2 1 ' ~ .  (Note: An a v e r a g e  l o c a l  a i r  

t e m p e r a t u r e  i s  d e s i r e d .  Th is  i s  o b t a i n e d  s a t i s f a c t o r i l y  by i n c r e a s i n g  
t h e  the rmal  mass of t h e  thermocouple by imbedding t h e  thermocouple i n  ,a 

s o l d e r  s p h e r e  o f  approx imate ly  1/4- inch d i a m e t e r . )  The measurement 

must b e  a p p r o p r i a t e l y  s h i e l d e d  and ven ted .  

4 .  C e l l T e m p e r a t u r e  

The t empera tu re  of a t  l e a s t  t h o  r e p r e s e n t a t i v e  i n t e r i o r  s o l a r  c e l l s  

s h a l l  b e  measured t o  +lOc.  Thermocouples s h a l l  be  36 gauge,  and s h a l l  

be  s o f t - s o l d e r e d  d i r e c t l y  t o  ' t h e  back uf  the c e l l s .  

5.  S u b s t r a t e  S u r f a c e  Temperature  

The e x t e r i o r  t e m p e r a t u r e  of t h e  r e a r  of t h e  s o l a r  module s h a l l  be  
measured t o  +lOc benea th  a  r e p r e s e n t a t i v e  c e l l  and when p r a c t i c a l  b e n e a t h  

a  r e p r e s e n t a t i v e  s p a c e  between c e l l s .  T h e r m c o u p l e s  s h a l l  b e  26 gauge,  

and s h a l l  be  bonded down w i t h  Eccobond 57C epoxy o r  t h e  e q u i v a l e n t .  

F .  DATA RECORDING 

A l l  d a t a  s h a l l  b e  p r i n t e d  o u t  approx imate ly  e v e r y  2  minu tes .  I n  
a d d i t i o n ,  s o l a r  i n t e n s i t y ,  wind s p e e d ,  wind d i r e c . t i o n , .  and a i r  tempera- 
t u i e  . s h a l l  be c a n t  Pnuously r e c o r d e d .  



G .  CLEANING 

The a c t i v e  s i d e  o f  t h e  s o l a r  b e l l  module and t h e  pyranometer b u l b  

s h a l l ' b e  c l e a n e d  b e f o r e  t h e  s t a r t  of  e a c h  t e s t .  D i r t  s h a l l  n o t  be 

a l lowed t o  b u i l d  up.  C lean ing  w i t h  a  mi ld  soap  s o l u t i o n  fo l lowed  by a  

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

. . 
H. EQUIPMENT CALIBRATION 

A  c a l i b r a t i o n  check s h a l l  b e  made o f  a l l  t h e  equipment p r i o r  t o  

t h e  s t a r t  of t h e  t e s t .  

I .  TEST DESCRIPTION 

The t e s t  d e s c r i p t i o n  form i l l u s t r a t e d  i n  F i g u r e  A-3 s h a l l  be  

completed b e f o r e  t h e  s t a r t  of  t h e  t e s t .  

J. AUTOMATION 

Once i n i t i a t e d ,  t h e  d a t a  may b e  c o l l e c t e d  a u t o m a , t i c a l l y .  However, 

t h e ' e q u i p m e n t  s h a l l  be checked once every  hour .  

TEST DESCRIPTION 

T ~ t l e  NATURAL SUNLIGHT THERMAL PERFORMANCE TEST 

Art~cle  Serial No 

Location 

Latitude 

Elevation 

Date Solar Noon Optical Air Mass 

Cleanlng Agent Used 

Tllt Angle Actual Deslred 

Equ~pment  Calibration Complete 

Name Ext  

Comments 

\ F i g u r e  A-3.  T e s t  D e s c r i p t i o n  Form 
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