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SECTION I 

The electrical power output of photovoltaic solar cell modules 
is dependent upon the operating temperature of the cells, and decreases 
at a rate of approximately 0.5% per OC with increasing cell temper- 
ature. Because of this temperature sensitivity, it is important to 
understand the thermal characteristics of modules so that modules 
and their supporting structures can be designed to reduce cell temper- 
ature to the extent that it is cost-effective. An understanding of 
module operating temperature characteristics is also necessary to allow 
accurate prediction of module power output under field operating 
conditions, and to allow accurate comparison of the field electrical 
performance of different module designs. 

The activity described in this report was conducted throughout 
1977 and during the first half of 1978, as a part of the Engineering 
Area of the JPL Low-Cost Solar Array (LSA) Project. This report is 
a follow-up of the first thermal report (Reference 1) and covers all 
the thermal activity in this interim period. The bulk of the testing 
has been the. characterization of twenty-nine modules according to their 
nominal operating cell temperature (NOCT) and the effect on NOCT of 
changes in module design, various residential roof mounting configura- 
tions, and dirt accumulation. 

Other tests, often performed parallel with the NOCT measurements, 
evaluated the improvement in electrical performance by cooling the 
modules with water and by channeling the waste heat into a phase change 
material (wax). Electrical degradation resulting from the natural 
marriage of photovoltaic and solar water heating modules was also 
demonstrated. Cost effectiveness of each of these techniques are 
evaluated in light of the LSA cost goal of $0.50 per watt. 



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  
performance s o  t h a t  c o o l e r - r u n n i n g  modules c a n  b e  d e s i g n e d  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  t e s t  
program. Examples of  p romis ing  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  pe r iod  
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 t i  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  ~ t 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  an.d c h a r a c t e r i z i n g  
t h e  t h e r m a l  performance of  t h e  v a r i o u s  modules.  Dur ing 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  i m p o r t a n 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  p rocurements  and t h e  p a r a l l e l  
R&D p rocurements ,  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 
t e s t s  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 au tomated ,  o t h e 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 t h e r  t e s t s "  a r e  the rmal  i n  n a t u r e .  However, measurement of  t h e  e l e c t r i -  
c a l  performance d u r i n g  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 t e s t s "  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  p e r i o d  h a s  been 
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  p romis ing  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  a n d  t e s t  t h e  rnn f ig i l l r a t i c rn  t h a n  t o  c a r r y  o u t  a d e t a i l e d  computcr- 
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  numder 
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  JPL 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  i s  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 I N ~ T R ~ P I E N T A T I O N  

PIODULE PHYSI'C'AL PROPERTIES :' . 
A. 

. I .  : .  . .  , 

The NOCT ha% been measured on a l l  of t h e  mbdules shbwn i n  F i g u r e s  
3-1 th rough  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  of o f f - t h e - s h e l f  mo,dules 
produced a t  t h e  s t a r t  of  t h e  LSA program. The Block I1 modules ( 'F igure  
3-2) a r e  t h e  f i r s t  modules 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  I1 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  t e s t .  
purposes .  S e v e r a l  modules ' (F igure  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 o  obvicsu+ rruln b ~ b u r e ' s  3-1 Lhrough 3-4 t h a t .  t h e ,  i o d u l e  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  a r e  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  encapsu la r i t  between a  
c o v e r  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 o i  t h e  h o d u l e s .  Also  i n c l u d e d  i n '  T a b l e  3-1 a r e  
t h e  JPL modi f i ed  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 I I ; . o r . R & S ,  module. I n  each  c a s e  t h e  m o d i f i c a t i o n  was 
r e q u i r e d  t o  d e m o n s t r a t e  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 ' m o d u l e ,  
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 .  

TEST SETUP 13. 

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  t e s t  a r e a s '  
l o c a t e d  on t h e  roof  of  B u i l d i n g  2 4 8 .  The t e s t  s i t e  mee t s  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 ' p h o t o g r a p h  of 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 y e t e d  view o f  t h e  s u n  . f o r  . mdre 
t h a n  e i g h t ' h o u r s  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  square) ;  a r r a y ,  
which c o n s i s t s ' o f  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 n n e d  t n  .?n)7 t i l t  uilgle LeLwren 
0' ali3 90" .  Adjus tments  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  s u n  a t  s o l a r  noon. 

F i g u r e  3-6 shows t h e  Eppley P y r a n o m ~ t e r  used t o  lneasure t h e  
t o c 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 111 Vec tor  Vane Sensor  i s  shown i n  
F i g u r e  3-7. The 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 .  I t  is  p o s i t i o n e d  a t  t h e  l e v e l  o f  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  v e n t e d  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 e m p e r a t u r e  moni to r  hangs  from t h e  back s i d e  of  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 
a p p r o x i m a t e l y  a t  i t s  c e n t e r .  

Chromel-constantan thermocouples  a r e  used .  T h i r t y - s i x  gage w i r e  
i s  u s e d . t o  moni to r  t h e  c e l l  t e m p e r a t u r e  and twenty-s ix  gage w i r e  i s  
used f o r  a l l  o t h e r  the rmocouples .  

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  a r e  p r o c e s s e d  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 C o n t r o l )  sys tem.  Every two minu tes  
a l l  d a t a  i s  r e a d  o n t u  111agilet.i~ t a p e  f o r  nnn-real - t ime p r o c e s s i n g  by 
t h e  Univac 1108 computer .  Real-t ime p r i n t o u t  and d i s p l a y  a r e  p rov 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  
c h a n n e l s  a r e  moni to red  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  
c h a n n e 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 th rough  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 .  
F i g u r e  3-13 i s  a  p l o t  of t h e  d i f f e r e n c e  be-tween c e l l  t e m p e r a t u r e  and 
a i r  t e m p e r a t u r e  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  f o r m a t s  e n a b l e  a  q u i c k  determination 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 ~ 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 sysrelll. 

F i g u r e  '3-1.1 i l l u s c r a t e s  one of t h e  TDAC s y s t e m  c a p a b i l i t i e s .  
T h e  sys tem p r n ~ r i  r ips a cu l l t i~ luouo  four-rnirl~ttp. a v e r ~ t ~ i l l p ,  of t h c  wind 
s p e e d .  A d d i t i o n a l  s t u d i e s  of che. e f f e c t s  of wfnd w i l l  b e  r e q u i r e d ;  
however, a s  F i g u r e  3-11 v i v i d l y  i l l u s t r a t e s ,  a v e r a g i r ~ g  uE t h e  wind 
d a t a  is  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 s p e e d .  



Table 3-1. Module Characteristics 

Na . 

1 

2 

3 

C 

5 

6 
I 

8 
9 

1 0  
11 

li 
1 3  

14 

IS 

16 

17 

18  

19 

20 

21  

22 

23 

24 

25 

26 

27 

28 

29 

Module 

Block I - 
Spectrolab 

Sensor Tech 

Solarex 

So la r  Power 

M-7 

Block IT a d  Mini 

Spectrolah 
(Mini) 

Sensor Tech 
(Uini) 

Solarex 
(Mini) 

So la r  P w e r  
(Mini) 

&E 

EOS (Xerox) 

Lockheed 

l b t o r o l a  

Sensor Tech HI& 

OCLI 

Sola r  'tech UIt. 

Arco S o l a r  Inc. 

Solarex (Blk 111) 

JPL Nodified 

Solarex I (tW. 3) 

Sola r  P w e r  (No. L) 

Sensor Tech I 

EOS (Xerox) %No. 141 

N-7 (NO. 5)  

U-7 Qo. 26) 

Speetrolah Mini (No. 7) 

So la r  Power i (So. 23) 

Cover 
Material  

Glass  

Sylgard 

Sylgard 

Sy lga rd  

Plexi-glas  

Glass  
Class  

RTV 615 
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Figure 3-1. Block I Modules 

Figure 3-2. Block I1 Modules 
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Figure 3-8. Air Temperature Enclosure 



Figure 3-9. Tntal Solar Intensity 



Figure 3-10. Tnral , A i  r Temperature 
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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  

NOCT CHARACTERIZATION TESTS 

A .  'OCT TEST PROCEDURE 

A t h e r m a l  test  p r o c e d u r e  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 i l  
t e m p e r a t u r e  was. deve loped  i n  t h e  f i r s t  phase  of  t h e r m a l  t e s t i n g  
(Refe rence  1 ) .  T h i s  p r o c e d u r e  h a s  n o t  been changed and i s  r e p e a t e d  i n  
Appendix A .  A l l  o f  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 l le  NOCT test  p r o c e d u r e .  

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 d e t e r m i n i n g  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 tests were r e c e n t l y  completed  on t h e  Block I1 
modules a t  t h e  Lewis Resea rch  C e n t e r  (Refe rence  2 ) .  T a b l e  4-1 shows 
t h ~  r o ~ u l t o  o f  t h c 3 c  tcst3 a3 compared w i t 1 1  ~ l l e  JPL L r s L  ~ e s u l L s  F u r  
t h e  same t y p e  of modules .  

T a b l e  4-1. LeRC and JPL NOCT T e s t  S~lmmary 

Block I1 NOCT ( 'c) 
Module LeKC JPL 

S o l a r e x  46.0  4 7 . 1  

S o l a r  Power 45 . O  46 .0  

S p e c t r o l a b  41.0  41 .1  

s e n s o r  Technology 4 0 . 5  42.9 

B .  NOCT OF VEIiDOR MODULES 

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  of t h e  vendor  s u p p l i e d  modules 
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  
l aaLr r l a l  surnlnary of: each module,  t h e  t a b i e  i n c l u d e s  t h e  number of 
tests made t o  d e t e r m i n e  NOCT ( t h e  NOCT p r o c e d u r e  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  o f  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 T a b l e  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 a b o u t  t h e  
module t h e r m a l  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 s h o u l d  be  e l i m i n a t e d .  T h i s  c o n c l u s i o n  
was r e a c h e d  by a n a l y s i s  i n  t h e  f i r s t  t h e r m a l  s t u d y  ( R e f e r e n c e  1 ) ;  
modules 5 ,  1 4 ,  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  
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t e m p e r a t u r e s  due t o  a i r  v o i d s .  Module 5 ,  which h a s  a n  a i r  v o i d  
between t h e  f r o n t  cover  and t h e  c e l l ,  h a s  t h e  h i g h e s t  NOCT measured 
(59.6"C).  Module 14 h a s  on ly  a  p a r t i a l  v o i d  benea th  t h e  c e l l  and t h e  
m e t a 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  m e t a l  s u b s t r a t e .  A s  a  r e s u l t ,  t h e  v o i d  i n  t h i s  i n s t a n c e  i s  
n o t  a  dominat ing the rmal  e f f e c t .  E l i m i n a t i o n  of t h e  v o i d  by i n j e c t i n g  
RTV 615 reduced i t s  NOCT o n l y  from 4 6 . 3 O ~  t o  4 5 . 6 " ~ .  

The a i r  v o i d  i n  modules 19 and 20 a r e  n o t  t o t a l l y  e n c l o s e d .  I n  
each c a s e  t h e  v o i d  i s  c r e a t e d  by a  box, open a t  b o t h  e n d s ,  which i s  
t h e  s u p p o r t  s t r u c t u r e  a n d / o r  a  combinat ion of s u p p o r t  and s u b s t r a t e .  
Except f o r  t h e  box, module 20 i s  t h e r m a l l y  v e r y  s i m i l a r  t o  module 1 5 .  
Module 1 5  (no box) i s  11°C c o o l e r  t h a n  module 20, and g i v e s  a n  i n d i -  
c a t i o n  of t h e  improvement i n  o p e r a t i n g  t empera tu re  t h a t  c o u l d  b e  
o b t a i n e d  w i t h  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 e d u c t i o n  i n  
module t e m p e r a t u r e  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  vo id  t h i c k n e s s  i s  g r e a t e r  t h a n  approx imate ly  1.2cm, h e a t  
t r a n s f e r  a c r o s s  t h e  v o i d  by f r e e  c o n v e c t i o n  i s  p r o b a b l e .  I f  f r e e  
c o n v e c t i o n  i s  o c c u r i n g ,  f i l l i n g  t h e  v o i d  w i t h  RTV w i l l  n o t  r e d u c e  t h e  
t empera tu re  a s  much a s  would occur  i f  c o n d u c t i o n  through t h e  a i r  was 
t h e  main h e a 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  v o i d  i n  module 5  
was f i l l e d  w i t h  RTV 615, which h a s  a  the rmal  c o n d u c t i v i t y  6 . 5  t i m e s  
g r e a t e r  t h a n  t h a t  of a i r .  The d e c r e a s e  i n  NOCT was o n l y  5"C, from 
59.6"C t o  54.1°C. I f  conduc t ion  th rough  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 e d u c t i o n  i n  NOCT of 10°C t o  15°C would have 
been expec ted ,  s i n c e  a f t e r  f i l l i n g ,  t h e  module i s  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 shou ld  be  des igned  o u t  of t h e  module. F i l l i n g  t h e  v o i d  
a s  an  a f t e r t h o u g h t  w i l l  probably  n o t  b e  c o s t  e f f e c t i v e  due t o  t h e  
c o s 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 i n s  

Both modules 1 and 2  have a  f i n n e d  m e t a l  s u b s t r a t e  and have t h e  
lowes t  NOCTs. The f i n s  were  machined from module 2  and t h e  NOCT 
i n c r e a s e d  2.7"C t o  4 1 . 5 " ~ .  (Th is  NOCT i s  n o t  v e r y  d i f f e r e n t  from t h a t  
of rnodulc 8 which i c  t h e r m a l l y  s i m i l a r  t n  rnnrll~le 2  b u t  has no f i n s . )  
T h e r e f o r e ,  t h e  f i n s  p robab ly  i n c r e a s e d  t h e  power 1% t o  2% (0 .5% p i r o c ) .  

The a v e r a g e  c o s t  of t h e  Block I modules was approx imate ly  $20 p e r  
w a t t .  Module 2  h a s  a n  o u t p u t  of abou t  5  w a t t s .  T h e r e f o r e ,  t h e  f i n s  
c o n t r i b u t e d  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 e s s  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  Bluck I ~ n u d u l e s ,  it: i s  o b v i o u s l y  n o t  go ing  t o  
be c o s t  e f f e c t i v e  a t  t h e  1986 c o s t  g o a l  o f  $0.50 p e r  w a t t .  S i n c e  t h e  
Block I p i ~ r c . h a s e ,  t h e r e  h a s  been o n l y  one module d e s i g n  w i t h  f i n s ,  which 
i s  probab ly  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 n o t  b e  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 .  



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 15  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 run  warmer due t o  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  JPL 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 . p o w e r  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  is  a t  l e a s t  
7%. Th 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  i s  used t o  c r e a t e  a  r e f l e , c t ive  i n t e r c e l l  a r e a  i n  
modules 12 and 13 .  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 mea.ns a f  n h t a i n i n g  t.hc s o l a 8 r  r e L l e c t i v e  fii'lisl.1. 
Compared t o  t he  t r a n s p a r e n t  s u b s t r a t e ,  the rmal  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 )  illustrates t h a t  t h e  n le ta l  
s u b s t r a t e  (aluminum) is  a t  most 3OC: coo 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 
w a r m e r  t han  t h a t  o f  module 9 .  A lso ,  hand ing  (ECOBOND 57C) a  0 . 0 5  c m  
(1.18 i n c h )  aluminum s h e e t  ( w h i t e  e x t e r j . 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 4 E . 8 ' ~  t o  49.6OC. 

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  t h e r m a l l y  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  the rmal  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  
cou ld  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 .  High E f f i c i e n c y  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  ce1l .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  the  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 ,  hexagona l )  i s  o b t a i n e d  by comparing t h e  NOCT of  modules 
3 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  



that module 8 uses circular cells and module 17 uses hexagonal cells 
to obtain the high nesting efficiency. A 1.6OC increase in NOCT, or 
less than a 1% decrease in power is indicated with elimination uF 
most of the non-cell area. 

C. NOCT OF RESIDENTIAL, ROOF INSTALLATIONS 

A 1.22m x 1.22m segment of a photovoltaic residential roof 
installation was ~imulated. The array consisted of three identical 
modules, and the NOCT of the center module (module 12) was'determined. 
Initially, the mounting technique approximated that proposed by Lincoln 
Laboratory for residential demonstration purposes. In the Lincoln Lab 
configuration, the modules are suspended about 7 . 6 ~  from the roof 
by supports which attach at the top and bottom edges of the module. 
Air flow beneath the modules is discouraged by this design, and only 
the modula~ mounted along thp past  and west e d g ~ s  will benefit from 
sporadic wind-induced air movement beneath the modules. Later, the 
attachment technique was changed to simulate hard m~wnting to the roof 
in order to appr~ximate thermally a shingle module_configuration. 
Figure 4-1 illustrates the hard mounted configuration with an insulated 
roof. Table 4-3 summarizes the results. 

Figure 4-1. Roof Mount Simulation 



Table 4-3. NOCT Summary for a Residential Roof Installation 

Case No. Configuration 
NOCT ANOCT* 
("0 ("C) 

Lincoln Laboratory Mounting 

1 Module at center of roof (No flow 55.5 9.5 
beneath module) 

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

Modified Configuration 

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

4 All edges open (Permits flow in all 49.4 3.4 
directions ) 

Shingle Type Mounting 
(Hard mounted to roof 1 

5 Roof uninsulated 

6 Roof insulated 

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

1. Lincoln Laboratory coif iRuration 

With no air flow BeaeaLh Lhe modules (case I), as would be typical 
of the intermost-mounted modules, the NOCT is 9.5OC warmer (55.5OC 
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.g°C warmer, because some air flow i s  possible through the 
open sides. If the msdules were attached along the sides rather than 
along the top and bottom edges (Case 31,  the module is 4,8OC warmer, 
If the module was suspended from the roof by legs rather than tails 
(Case 4), the module is 3.4'C warmer. 

This test series illustrates that higher operating temperatures 
will occur LUL residmtibl roof i~~stallaLI~n~, 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 o f  



t h e  modules as w e l l  a s  f u t u r e  s e r v i c i n g  t o  be  c a r r i e d  out  w i t h  no 
damage t o  the  modules o r  t h e  e x i s t i n g  roo f .  A mounting technique 
which a s s u r e s  t h i s  p r o t e c t i o n  is  w e l l  worth a 1% t o  2-112% decrease  
i n  e l e c t r i c a l  performance. 

2 .  Shingle  Simulated Mounting 

It is not  s u r p r i s i n g  t h a t  hard mounting t h e  module t o - r o o f  
i n c r e a s e s  t h e  NOCT f u r t h e r .  For an  un insu la t ed  roof (Case 5 ) ,  t h e  
NOCT i s  12°C (58.0°C compared t o  46°C) warmer than  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 is  15.5OC 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 -void  
between t h e  s u b s t r a t e  a d  the r o o f .  A s h i n g l e  module should no t  and 
probably would no t  be designed i n  t h i s  manner. It i s  es t imated  t h a t  
t h e  temperature i n c r e a s e  would be 4°C l e s s  i f  t h e r e  were no a i r  void .  
This  e s t ima te  is based upon bonding " f l ake  board" (1.9cm t h i c k )  ' t o  
t h e  back of module 3; t h e  NOCT increased  7.6"C (47.5"C t o  55.1°C). 
Without t he  voids  t h e  temperature r i s e  would be  similar t o  t h a t  of a 
module l oca t ed  i n  t h e  c e n t e r  of t h e  roof (Case 1 )  f o r  t h e  Lincoln  
Laboratory Conf igura t ion .  

A p o s s i b l e  conclus ion  from t h e s e  tests is t h a t  un le s s  t h e  module 
is  suspended from t h e  roof so  t h a t  a i r  can flow i n  a l l  d i r e c t i o n s  
beneath t h e  module (Case 4 ) ,  i t  may be  b e t t e r  t o  hard  mount t h e  module, 
t r a d i n g  t h e  s l i g h t  decrease  i n  performance f o r  t h e  sav ing  i n  , s t ruc ture  
c o s t .  Moreover, t he  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  adapted f o r  r e p a i r  i n  t h e  event  of a l e a k .  Repair- 
i ng  a l e a k  loca t ed  beneath a module mounted i n  t h e  Case 4 con f igu ra t ion  
i s  no t  l i k e l y  t o  be at tempted by t h e  average home owner, and t h e  r e p a i r  
could prove t o  be involved and expensive.  I n  summary, t h e  improvement 
i n  thermal  performance of modules mounted i n  t h i s  manner (o f f  of t h e  
roof )  may no 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 long term c o s t .  

D, NOCT OF DIRTY MODULES 

Figures  4-2 and 4-3 show t h e  e f f e c t  on NOCT of d i r t  accumulation 
f o r  modules w i th  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 th  non-glass s u r f a c e s  were made a t  a t i l t  
ang le  of 13" du r ing  June and J u l y ,  T i l t  ang le s  of t h e  g l a s s - s u e a c e  
modules began a t  13" and were a t  18" by t h e  end of t h e  test p e r i o d ,  
which nccuxred a t  t h e  middle of August. These law tilt ang le s  
encourage maximum d i r t  accumulation w i ~ l i  r e s p e c t  t o  s p e c i f i c  t e s t  si te.  
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 nc reased  1.3*C 
t o  2.2"C dur ing  t h e  f i r s t  week and remaincd cons t an t  dur ing  t h e  nex 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 nc reased  
less than  0.5"C dur ing  t h e  t h r e e  week per iod  of d i r t  accumulation. 
Although g r e a t e r  f o r  non-glass t han  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 t  accumulatiorl on NOCT is  not  s i g n i f i c a n t .  



Figure 4-2. Effect  of Dirt Accuml~lation on NOCT 
(Non-Glass Front Surfaces) 
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Figure 4-3. Effect  of Dirt Accumulation on NOCT 
(Glass Front Surfaces) 
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The measured decrease  i n  e l e c t r i c a l  ou tput  which occurs  a s  a 
r e s u l t  of d i r t  accumulation is discussed i n  Sec t ion  V.  Because of t h e  
e f f e c t  of d i r t  accumulation on e l e c t r i c a l  ou tput  a s  w e l l  as on mainte- 
nance c o s t s ,  e a se  of c l ean ing  is  a f a c t o r  which may be  of some s i g n i f i -  
cance. I n  t h e  s tandard  NOCT t e s t ,  t h e  modules a r e  cleaned be fo re  each 
test. It has been observed t h a t  i t  t akes  more water ,  more towels ,  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 .  This  sug- 
g e s t s  t h a t  t h e  c l ean ing  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 se  more m a t e r i a l s ,  and t ake  longer  t o  do t h e  job than  an  
equ iva l en t  machine designed 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 ean ing  c o s t  may be  s i g n i f i c a n t l y  h igher  f o r  
non-glass modules. 

' A . ' ' .  ,+ ' Normally NOCT i s  performed wi th  a ze ro  L J O V J C ~  output  (open c i r c u i t  
condi t ions)  i n  an e f f o r t  t o  reduce t h e  complexity of t h e  test. Per- 
formance of a t e s t  during which maximum power was cont inuously removed 
from t h e  module r e s u l t e d  i n  a r educ t ion  i n  NOCT of 2.g°C. This  reduc- 
t i o n  o f f s e t s  t h e  temperature r i s e  due t o  d i r t  accumulation, an e f f e c t  
which is  no t  accounted f o r  i n  t h e  de te rmina t ion  of NOCT. 

F. NOCT IN A SOLAR DOME 
a 

Two s o l a r  dome concepts be ing  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  Figure 4-4. The weathered p o l y e s t e r  f i l m  enc loses  t h e  a r r a y s  and 
thereby e l imina te s  t he  requirement f o r  weather-proof encapsula t ion  
of t he  c e l l s ,  s c r eens  UV,  and enables  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  sav ing  must be  balanced 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  high ope ra t ing  temperatures  c h a r a c t e r i s t i c  
of t h e  green house. 

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



Figure  4-5 is  t h e  t e s t  s e t u p  used t o  eva lua t e  t h e  NOCT of a 
module i n  a  s o l a r  dome. A Spect ro lab  Block I1 module was used f o r  t h e  
measurements, and t h e  p o l y e s t e r  f i l m  i s  i d e n t i c a l  t o  t h a t  proposed by 
Boeing. The procedure was c a r r i e d  ou t  f i r s t  w i th  whi te  and l a t e r  w i t h  
b l ack  f l o o r .  

The f i r s t  s e t  of d a t a  was obta ined  wi th  t h e  plywood f l o o r  pa in ted  
white;  t h e  b l ack  f l o o r  was c r e a t e d  us ing  a l a y e r  of b l ack  p l a s t i c .  
Table 4-4 is  a summary of t h e  NOCT measurements. The dome environment 
i nc reases  t h e  NOCT of t h e  module (normally 41.1°C) 28.2OC and 37.1°C 
f o r  t h e  wh i t e  f l o o r  and b l ack  f l o o r ,  r e s p e c t i v e l y .  A corresponding 
power r educ t ion  of 14.1% and 18.6% would be expected. 

The wh i t e  p a i n t  a l s o  r e f l e c t s  more energy onto t h e  c e l l s .  
Therefore,  t h e  improvement i n  performance is  a c t u a l l y  g r e a t e r  than  
4.5%, as i n d i c a t e d  by The NOCT d i f f e renke .  I n  a  r e a l  a p p l i c a t i o n ,  t h e  
u~udule should b e  pos i t i oned  back (nor th)  i n  t h e  c y l i n d r i c a l  enc losu re  
a s  much as p o s s i b l e  t o  maximize t h e  r e f l e c t i v e  f l o o r  a r e a  i n  f r o n t  of 
t h e  module. 

A s  Boeing has found, an  a c t i v e  cool ing  system f o r  a  power s t a t i o n  
c o n f i g u r a t i o n  is  n o t  economically f e a s i b l e . .  However, t h e  l i g h t  weight 
of t h i s  s y s t e m  makes i t  w e l l  s u i t e d  f o r  roof i n s t a l l a t i o n s  (apartments ,  
f a c t o r i e s ,  e t c . ) ,  and the  h igh  temperatures  sugges t  t h e  combination of 
pho tovo l t a i c  w i th  space  and/or  ho t  water  hea t ing .  Together t h e  two 
systems could prove t o  b e  economically v i a b l e .  

F igure  4-5. Dome Tes t  Setup 



Table 4-4. Solar Dome NOCT Summary 

NOCT - " c 
Test Date Morning A£ t ernoon 

White Floor 

4/17/78 65 .O 73 .O 
4/18/78 65 .O 71.7 
4/19/78 66.0 73.1 
5/2/78 68.0 - 72.4 

Average 66.0 
Daily Average 

Black Floor 

74.7 Average 81.6 
Daily Average 78.2 



SECTION V 

OTIIER TESTS 

A .  WATER COOLED MODULE 

T h i s  s t u d y  was 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  i n  Nebraska pumps 60,000 g a l l o n s  p e r  hour  o r  1 , 5 4 2  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 i m p l e  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  back 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  s u p p l y  sys tem.  A l a r g e r  f low r a t e  would 
improve t h e  performance 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  t h r o u g h  two copper  t u b e s  
bonded t o  t h e  b a c k s i d e  of a  Block I S p e c t r o l a b  module. T h i s  m o d ~ ~ l . e  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 5 7 C ) .  The i n l e t  w a t e r  t e m p e r a t u r e  was m a i n t a i n e d  
c o n s t a n t  d u r i n g  t h e  t e s t .  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 e m p e r a t u r e s  of t h e  module a s  measured 
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F i g u r e  5-1. Module Temperature  P r o f i l e  a t  Noon 
( I n s o l a t i o n  = 95 + 2mw/cm2) 



a t  noon. With water  coo l ing  t h e  g r a d i e n t  through t h e  module i s  c u t  
a lmost  i n  h a l f ,  and t h e  c e l l  i s  about  3OC warmer than  t h e  l o c a l  water  
t empera ture .  'Reversing t h e  flow (bottom t o  top)  had no e f f e c t  on t h e  
temperature  p r o f i l e ,  and t h e r e  was no measurable change i n  Pmax when 
t h e  flow was i nc reased  by a  f a c t o r  of f i v e .  

The average  e l e c t r i c a l  e f f i c i e n c y  of t h e  module (qE) was d e t e r -  
mined by : 

i~ de 
- - max 

q E  /LAdQ 

where: 

0 time 

L  = t o t a l  i n t e n s i t y  

A = module a r e a  

P  = maximum power 
max 

The n E  va lues  f o r  t h e  tests a r e  presen ted  i.n F igu re  5-2. Also 
shown is t h e  TIE wi thout  water  coo l ing  and t h e  expected n E  f o r  o t h e r  a i r  
temperatures  assuming t h e  c a l c u l a t e d  change i n  qE of 0.038% pe r  O C  

change i n  average  a i r  temperature .  On a  ho t  summer day (35OC average  
a i r  t empera ture) ,  O E  would be  about  5 .2% f o r  t h e  normal f i e l d  i n s t a l l a -  
t i o n  wi th  a i r  coo l ing  only .  With 23°C (75OF) and  1 5 O C  (60°F) wa tc r ,  
power gene ra t i on  on t h i s  same ho t  day could be  i nc reased  16.0% 
(qE = 6.03%) and 20.8% (q, = 6.28%),  respect ive1.y.  Even wi th  32,2OC 
('9U°F) water ,  power g e n e r a t i o n  would .improve 11.01 (5.772 compared t o  
5.2X) an t h e  summer,-:type day. 

I f  i t  i s  n o t  a l r e a d y , a v a i l a b l e ,  pumping power w i l l  consume most 
o r  a l l  of t h e  improvement i n  power product ion .  Therefore ,  wh i l e  each 
a p p l i c a t i o n  n u s t  be  t r e a t e d  s e p a r a t e l y ,  coo l ing  w i th  water  i s  no t  
expected t o  be  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  invo lves  
t h e  pumping' of water o r  u n l e s s  a  g r a v i t y  water f e e d  system i s  p o s s i b l e .  
Assuming e i t h e r  of t h e  l a t t e r  c o n d i t i o n s  e x i s t s ,  t h e  one-time plumbing 
c o s t  w i l l  n o t  be  a  s i g n i f i c a n t  c o s t  f a c t o r ;  t h e  c o s t  of a  module should 
no t  be i nc reased  s i g n i f i c a n t l y  by b u i l d i n g  i n t o  t h e  module subsC,rate 
t h e  coo l ing  channels  o r  t h e  p rov i s ion  f o r  bond ing l in se r t i ng  copper 
cooling t uhes ,  which cvuld bc o p t i o n a l .  



a r TEST POINTS 

Figure 5-2. Electrical Efficiency of a Water-cooled Flat 
Plate Photovoltaic 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 
a v e r a g e  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 igh  d e s e r t  of 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 
(Refe rence  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  be 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 i s  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  of 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 used p r e v i o u s l y  f o r  w a t e r  c o o 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  an  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 .  Double 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  between 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 )  w a s . 1 . 2 7  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 frorr~ rasL L u  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  c o r r e s p o n d s  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  abou t  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  p rac -  
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  7 ° C  ( c e l l  n e a r  t.he 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 lie expec ted  a t  che  I.ower 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 low 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  p r o b a b l e .  

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  t e s t  a  s i n g l e  g l a s s  
was u s e d ,  and t h e  wa te r  i n c r e a s e d  l i n e a r l y  up t o  54°C (130°F) by 
14nn PST. The second t e s t  was c a r r i e d  o u t  u s i n g  a  d o u b l e  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 ~ ~ r e  profile. 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  d o u b l e  g l a s s ,  a n  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  1 0 : 4 5  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 64.4"C 
(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  a s  a f u n c t i o n  of  t ime  
f o r  t h e s e  t h r e e  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 e  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  than  t h e  
a i r - c o o l e d - o n l y  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 - c o o l e d - o n l y  
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 y  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 l ~ e  a f t e r n o o n ,  con 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  the  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 c 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 t 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. 

T u b l ~  5-1 i~ 3 Gummary o f  e l ec t r i ca3 ,  efficie. i ic .y ( - q E )  f o r  an 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  was 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 1 lE of t h e  p h o t n 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 a s  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  
i s  a p p r o x i m a t e l y  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 l  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 .  The e f f e c t  of  
: I  .;.i~lgle g l a s s ,  ,-,f d a ~ l b l e  g la33 ,  and of t h c  h i ~ h e r  a f t e rnoon  !Jater 
t e m p e r a t u r e s  o n q E  a r e  i l l u s t r a t e d  i n  Tab le  5-1. I t  i s  a l s o  a p p a r e n t  
t h a t  q E  f o r  t h e  noon hour i s  l c c 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  pho tovo l -  
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 i n e d  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  
p e r f o r m a n c ~ .  pred.i.c.ts a h i g h e r  performance by 2 % ,  7 % ,  and 9 % ,  f o r  t h e  
s i n g l e  and two d o u b l e  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 ,  and a  2% lower  
performance f o r  t h e  photovol . ta ic  o n l y  module.  
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F i g u r e  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  P h o t o v o l t a i c  Only and Combined 
P h o t o v o l t a i c / T h e r m a l  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  '(r l , )  of P h o t o v o l t a i c  Only and 
Combined P h o t o v o l t a i c / T h e r m a l  C o l l e c t o r s  ( 5 )  

(Combined Modules) 

0 
25 

1 

0 

.Double G l a s s  
S i n g l e  Water S t o r a g e  

Time P e r i o d  Photov.  Only G l a s s  55.rj°C 64 .4"C 

800 900 I000 1100 1200 1300 1400 1500 1600 

TIME OF DAY (PST), HOUR 

- t SOLAR NOON 
- 

1 I I I I I I 

Morning 5 . 4 9  4 . 6 4  3 . 7 2  3 . 8 5  

. n 

. . .  Afternoon 5 . 4 9  "' 4 . 3 2  3.34' ' 3 .10  

D a i l y  5 , 4 9  4 . 4 8  3 . 5 3  3 .48  

Noon 5 . 3 7  4 . 5 8  3 . 7 8  3 . 7 8  



The purpose  of t h e  l a s t  two t e s t s  was t o  e s t i m a t e  t h e  change i n  
rl, which occurr'ed w i t h  a  change i n  w a t e r  s t o r a g e  ' t empera tu re .  The corn- 
p a r i s o n  w a s  l e s s  than  i d e a l  because  of t h e  d i f f e r e n c e  i n  t h e  i n i t i a l  
w a t e r  s t o r a g e  t empera tu ' r e s .  However, assuming morning v a l u e s  f o r  qE  
t o  be t h e  same, and b a s i n g  t h e  e s t i m a t e d  change i n  rlE o n l y  on t h e  change 
i n  a f t e r n o o n  performance,  t h e  e s t i m a t e d  v a l u e s  f o r  e l e c t r i c a l  e f f i c i e n c y  
a r e  minimum b u t , . r e p r e s e n t a t i v e  of a c t u a l  v a l u e s .  The minimum change i n  
d a i l y  e l e c t r i c a l  performance f o r  a  change i n  w a t e r  s t o r a g e  t e m p e r a t u r e  
(arlE/AT STR.) i s  t h u s  e s t i m a t e d  a t  0.014% p e r  O C  f o r  t h e  doub le  g l a s s  
c o n f i g u r a t i o n .  F i g u r e  5-6 g r a p h i c a l l y  i l l u s t r a t e s  t h i s  e f f e c t .  Approxi- 
m a t e l y  a  50% r e d u c t i o n  i n  rl, from t h a t ' f o r  . the p h o t o v o l t a i c  module a l o n e  
would be approached w i t h  a  combined module and 100°C f l u i d  s t o r a g e ,  a s  
o c c u r s  f o r  S o l a r  House 1. 

S i n c e  t h e  danger  of a  d e c r e a s e  i n  f l o w  r a t e  i s  of concern  w i t h  
t h i s  type  of combined module, a  t e s t  was made t o  i l l u s t r a t e  t h i s  e f f e c t .  
A d d i t i o n a l  h e a t  was added t o  t h e  s t o r a g e  w a t e r  and t h e  c e l l  t e m p e r a t u r e  
was e l e v a t e d  t o  75.6OC by 1 1 : O O  PST, a t  which t ime t h e  f l o w  was s topped .  
The c e l l  t e m p e r a t u r e  con t inued  t o  i n c r e a s e  t o  a  maximum of 91.1°C a t  
12:30 PST. T h i s  t e m p e r a t u r e  i s  n o t  c a u s e  f o r  c o n c e r n ,  however such  a 
f a i l u r e  on a  h o t  day and w i t h  a  t h e r m a l l y  more e f f i c i e n t  sys tem would 

t PHOTOVOLTAIC MODULE-AIR COOLING ONLY -- ----------- i 

COMBINED MODULES 
D0IIRI.E GLASS CONFIGURATION 

Oso 
I I I I 
60 70 80 90 100 

WATER STORAGE TEMPERATURE -OC 

F i g u r e  5-6. E f f e c t  of Water S t o r a g e  Temperature  on t h e  E l e c t r i c a l  
E f f i c i e n c y  of  a  Combined P h o t o v o l t a i c / T h e r m a l  C o l l e c t o r  
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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 pe rhaps  a s  h i g h  a s  
130 " 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 .  

Tab le  5-2 i s  a c o s t  summary i n  $ p e r  w a t t  fo rmula ted  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  
r e m o t e . 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  than  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 .  

Tab le  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  

1902 C I - I S ~  
Water I986 Cosr 

C o l l e c t o r  E x i t  Temp ( $ / w a t t >  ( $ / w a t t >  
2 

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

PV Only - 1 . 8 0  0 .20  2 .00 0.34 0 .16 0 .50  

Combined 6 0 2 . 2 1  0 2 . 2 1  0 .40  0  0 . 4 0  
( s i n g l e  g l a s s )  

Combined 6 0  2 .45 0  2 . 4 5  0 .46 0  , O .  46 
(doub le  g l a s s )  

C .  MODULE WITH A PHASE CHANGE MATERIAL 

There  have been 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 e s t r i a l  and i n  
s p a c e ,  i n  which 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  absorb  e x c e s s  
energy  t o  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 . o f  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  be  a  

' c o s t  e f f e c t i v e  means of l o w e r i n g  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  module 
t e m p e r a t u r e .  

T a b l e  5-3 (from 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  the rmal  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 ~ l t i n g  p n i n t  ( 3 6 . 7 " C )  4°C t o  7 O C  l e s s  t h a n  t he  NOCT of t h e  
b lock  I1 modules (41°C t o  47°C). 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 h e r m a l  e n e r g y ,  a n  improvement 
i n  power of 2% t o  3-112% cou ld  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 Cand ida te  Fus ion  M a t e r i a l s  

P r o p e r t y  
Carb owax 

P a r a f f i n  Wax . Eicosane  1000 

Formula Var ious  C 
X 

H2 x+2 

Molecu la r  we igh t  Approx. 300 

D e n s i t y  3 
S o l i d  . l b / f  t 
L iqu id  l b / f t  

M e l t i n g  Temperature  (OF) 116 

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

S p e c i f i c  h e a t  
S o l i d  ( ~ ~ u / l b O l ? )  0 .72 

, 0 . 5 0  L iqu id  

C o e f f i c i e n t  of Thermal 
Expansion ( l / ' F )  

Expansion i n  phase  change (2 )  

Thermal c o n d u c t i v i t y  BTu/hr 
f t Z ° 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 

Hazards F ~ ~ I I I I I I ~ ~  l r  

No problem N; problem 

Fldiiiiiiable 

2 5 3  8 

Common usage . , Paper  Thermosta t  Rubber and 
. c o a t i n g  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 t r o l a b  Block I . , . ~ d u l c  was cnc loccd  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 m o d u L ~  a l ~ i r n j n ~ ~ r n  s ~ ~ h 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 t ie  rnodulr e~oun t e d  . i n  a n  a r r a y  and su r rounded  
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 . o f  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  
t o  t h e  sun a t  s o l n r  noon.  Technical g r a d e  E icosane  and common canning 
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 .  



SPECTRO 
MODULE 

\ 

. ENCLOSING 
Al EOX 

F i g u r e  5-7. Phase  Change P h o t o v o l t a i c  Mcdule 

E icosane  111elts a t  abuuL 2OC lower t h a n  t h e  E icosane  shown i n  T a b l e  5-3. 
13ecause 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  6OC 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 .  I t  was purchased a t  a  l o c a l  supermarke t  f o r  4 3 ~  p e r  
pound (compared t o  1 1 ~  p e r  pound i n  T a b l e  5-3) and t h e  t e c h n i c a l  g r a d e  
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  ( q E )  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 .  T a b l e  5-4 summarizes q, 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 of 1 . 2 %  
( p a r a f f i n )  and 1 . 4 %  ( ~ i c o s a n e j  was a b o u t  a s  e x p e c t e d .  The improvements 
a r e  minimum s i n c e  t h e  a i r  t e m p e r a t u r e  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  was 
Che same o r  g r e a t e r  on 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 .  

'I 'able 5-4 .  E l e c t r i c a l  E f f i c i e n c y  i nE )  K e s u l t s  

Phase  Change 
M a t e r i a l  

n E  
(%I  Improvement (%) 

None 

Canning p a r a f f i n  

Tech g r a d e  E icosane  



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 .  Dur ing t h e  t e s t  o n l y  a  p o r t i o n  of 
t h e  E icosane  mel ted  and no m e l t i 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  than  t h e  n i g h t  a i r  temper- 
a t u r e ,  which i n c r e a s e s  t h e  t h e r m a l  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  
r e m o t e s 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 lga rd  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  a s  t h e  c o s i n e  of 

MTL TEST DATE 
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F i g u r e  5-8. C e l l  Temperature  During T e s t s  w i t h  Phase  Change M a t e r i a l s  



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  

W 
CY 

0 

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 lga rd  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  abou 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" 

\ 
\ 

I I I I I I I I 

These t e s t s  show t h a t  normal i n c i d e n c e  measurements o f  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 r t  accumula t ion  a s  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  
env i ronment ,  t h e  d e g r a d a t i o n  i s  g r e a t e r  than  t h a t  i n d i c a t e d  by t h e  
normal measurements.  

Y 
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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  Bui ldup 
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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  v e n d o r - s u p p l i e d  
modules and i l l u s t r a t e s  t h e  t r e n d  i n  NOCT. C a r e . i n  t h e r m a l  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 r a n g e .  

A good t h e r m a l  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  
e m i s s i o n  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 li tt1.e a d d i t i o n a l  t h e r m a l  improvement i s  p o s s i b l e  w i t h  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 .  T h i s  i s  a p p a r e n t  on examin ing  t h e  NOCT e f f i c i e n c y  
(qNOCT) and t h e  two p a r a m e t e r s  whose p r o d u c t  r e s u l t s  i n  NOCT. A s  shown 
i n  T a b l e  6-1,  qNOCT i s  be tween 0 . 9 0  and 0 . 9 3  f o r  t h e  Block  I1 modules .  
T f  t h p  l ,n r . i~s  t m a x i m u m  p n \ . 7 ~ r  c ~ ~ ~ f f i c i ~ n t  ( T a b l a  6-1) i c  combincd w i t h  the  
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 r o b a b l y  r e p r e s e n t s  a p r a c t i c a l  u p p e r  l i m i t  of 
1 1 ~ 0 ~ ~  o b t a i n a b l e  f o 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 t h e r m a l  d e s i g n ,  
as  t y p i f i e d  by t h e  Block I1 modu les ,  r e s u l t s  i n  t h e r m a l  pe r fo rmance  
w i t h i n  1% and  4% o f  t h a t  p r o b a b l y  o b t a i n a b l e  f rom t h e  t h e r m a l l y  optimum 
rea1 i . s  t i c  d e s i g n .  

B .  OTHER TESTS 

1. Water Con1 ed Morl1.11.e. 

S i g n i f i c a n t  improvement i n  module pe r fo rmance  is  p o s s i b l e  b y  coo l -  
i n g  t h e  mod t~ le  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  e x p e c t e d  

T a b l e  6-1. NOCT and u N o c ~  Summary 

Block I1 NOCT Max Pwr x NOCT = qNOCT No. of  T e s t s  
Module OC Coeff  . - 2 8 ' ~  Pe r fo rmed  

. . 
Scnsor  Tcch 43 .0  .00505 1 5 . 0  .924 G 

S p e c t r o l a b  4 1 . 1  .00524 1 3 . 1  . 9  31 9 

S v l a r e x  ' 47 .0  .004 5 1 19 .U . 9  14 ' 6  

S P J ~ H I -  P[.~wer 46 . 0  -00546 1 8 . 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  w a t e 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  
f eed  sys tem 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 H e a t i n g  Module 

T e s t s  and c o s t  e s t i n i a t e s  i n d i c a t e  <ha 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 .  
~ a n d i a  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 b 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 ' ~ 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 us ing ,  a  phase  change m a t e r i a l  
i 3  n o t  c o s t  c f f c c t i v c i  ' I f  thcrrnal  cnckgy ' i t o r c d  i n  t h c  phaoc chnngc 

' m a t e r i a l '  i s  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 t h e r m a l  s t o r a g e  
sys tem may p rove  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 
is  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 by Boeing,  w i t h  p a r a f f i n  wax as t h e  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, 'be 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 t h e r m a l  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 . .  

AIR / 
VOID - 

TRAbISPAREbIT 
SUBSTRATE 

I 1 I I 

BLOCK l BLOCK I I  BLOCK I I  R&D 
MINI  

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  r o o f  ( 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 n 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 be  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  concep t  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  r o o f  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  of  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  
" 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  indicated 
L y  Lhe 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  Repor t  of 
April-.June, 1977,  a  6 .5% d e g r a d a t i o n  based nn 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  6 0 * ,  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 .  

& VENT PIPE 

BOEING 
SOLAR DOME - 

(NOT TO SCALC) - PARAFIN WAX ' 

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 

DETEDfINATION 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  Cell 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  t e s t  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  an 
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 
Trrr t rs  c r iaP  Environmenr (1u'l.h) wtilch 1s d e t l n e d  as : 

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

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 r o c e d u r e  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 e m p e r a t u r e  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  r ange  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  then 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 .  

U. DETERMINATION -OF NOCT 

The t e m p e r a t u r e  o f  t h e  s o l a r  c e l l  (TCel1) 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  a v e r a g e  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  of  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  (TCel1-Tair) i s  l a r g e l y  independen t  
of 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 i 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  a s sumpt ion  i s  q u i t e  

2 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  a b o u t  40 mW/cm . The p rocedure  
c a l l s  f o r  p l o t t i n g  (Toll-Tair)  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 r ~ 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-T,ir) 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  of  80 mw/cm2, i . e . ,  NOCT = (Tcell-Tair)j 
NTE + 2 0 ' ~ .  

The p l o t  of (Tcell-Tair) v s  L  s h a l l  b e  de te rmined  by c o n d u c t i n g  a  
minimum o f  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  semicon t inuous  r e c o r d  of ( ' r c e l l  - T a i r j  over  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 .  
A c c e p t a b l e  d a t a  s h a l l  c o n s i s t  of measurements made when t h e  a v e r a g e  
wind v e l o c i t y  i s  1 m / s  + 0 .75  m / s  and w i t h  g u s t s  l e s s  t h a n  4  m / s  f o r  a  
p e r i o d  of  5  minu tes  p r i o r  t o  and up t o  t h e  t ime o f  measurement. Loca l  
a i r  t e m p e r a t u r e  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 f 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  s e t  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  - T a i 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 m l ~ / c m ~ . "  

When (Tcell - T a i r )  i s  p l o t t e d  a s  a  . func t ion  o f  L  . f o r  a v e r a g e  wind 
v e l o c i t i e s  l e s s  than  1 .  75 m/s, r e s u l t s  s i m i l a r  t o  t h o s e  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  than  
4  m/s w i t h  a n  average o f  1. m / s .  [Jsing t h e  p l o t  o f  CTCel1 - Tail-) v s  T , ,  
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  
a v e r a g e  v a l u e  of ( T c e l l  - T a i r )  f o r  L = 80 mw/cm2. Using t h e  d a t a  i n  
F i g u r e  A-1 as  an e x a n ~ p l e ,  ( T o l l  - Tai r )  at NTE i s  de te rmined  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 = 4 2 . 2 ' ~ .  
- 
$<The two s e t s  o f  measurements can b e  combined i n t o  a  s i n g l e  s e t  p rov 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  a v e r a g e  a i r  tempe,ra ture  J.s s i g n i  f icant1.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  a p p e a r s  a s  a n  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 k s u l t  i s  ~ o s s i b l e .  

:a1 C e l l  Temoerature  Data  
.I. . 



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'for 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  de te rmined  from F i g u r e  A-2. T h i s  v a l u e  
i s  added t o  t.he p r e l i m i n a r y  NOCT and c 0 r r e c t . s  t h e  d a t a  t o  20°C and 
1  m / s .  Ta i r  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-,l ,  V i s  1  m / s  and Tair i s  

15.6Oc. 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  O'C. The NOCT i s  
the.ref  o r e  42.  2Oc. 

AVERAGE AIR TEMPERATURE (Tir) 

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  



TEST GEOMETRY D. . , : .. 

1 .  T i l t A n g l e '  
< .  ! 

' . ! . '  . . 
The @ l a n e .  of  the: module s h a l l :  b e  p o s i t i o n e d . : s o  f tha  t ' i t  i s  normal 

t o  t h e  s u n  (k5.O). a t  s o l a r -  noom: . . . ,  -,. 

. . . . 2 .  He igh t  ' ' , , ,. . . .  . 
. . .. . . . 

i i 

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  be l o c a t e 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 r h e r  modules uL Lhe 
same d e s i g n  s h a l l  b e  used t o  f i l l  i n  any remain ing  open a r e a  of  t h e  
s u b a r r a y  s t r u c t u r e .  The back  of  t h e  s u b a r r a y  s h a l l  be 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  of 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 su r rour -d ing  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  be  f l a t  a n d / o r  s l o p l 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 .  B u i l d i n g s  h a v i n g  
a  l 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  b e  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 oL r r L l e ~ L r 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 .  ' 

The wind s h a l l  n o t  be  p redominan t ly  from due r a s ~  o r  from due 
west; f low p a r a l l e l  t o  t h e  p l a n e  of 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 l l  a lower  t h a n  t y p i c a l  o p e r a t i n g  ce:l..l. t e m p e r a t u r e .  

6 .  ~ o d u l e ' E l e c t r i c a 1  Load 

Data s h a l l  be  o b t a i n e d  f o r  a .nudule 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 r o  zero e l ~ c l ; ~  i ~ a 1 .  pfiwer Gil tput ,  .. . . . 



E, . TEST EQUIPMENT 
- 

1.  Py ranomete r  

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 b y  a  py ranomete r  mounted on  t h e  p l a n e  o f  t h e  module and  
w i t h i n  . 3  nl ( 1  f o o t )  o f  t h e  a r r a y .  The py ranomete r  u s e d  s h a l l  h a v e  a  
t r a c e a b l e  a n n u a l  c a l i b r a t i o n  t o  a r e c o g n i z e d  s t a n d a r d ' i n s t r u m e n t  and  
s h a l l  b e  e i t h e r  ( 1 )  a  t empera tu re -compensa ted  u n i t  wh ich  h a s  less t h a n  
f 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  r a n g e  -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  c o r r e c t i o n  s u p p l i e d  w i t h  i t s  c a l i b r a t i o n .  

2 .  Wind Measurement 

Doth Lllr wiud ~ ~ L ~ C L ~ U L L  and wind speed s h a l l  be measured  a t  t h e  
a p p r o x i m a t e  h e i g h t  of  t h e  module and  as n e a r  t o  t h e  module as f e a s i b l e .  

3 .  A i r  Tempera tu re  

The l o c a l  a i r  t e m p e r a t u r e  s h a l l  b e  measured  a t  t h e  a p p r o x i m a t e  
h e i g h t  o f  t h e  module.  The measurement s h a l l  b e  made i n  t h e  shadow of 
t h e  module and s h a l l  b e  a c c u r a t e  t o  i l o c .  (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 .  T h i s  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  t h e r m a l  mass of t h e  the rmocoup le  b y  imbedd ing  t h e  the rmocoup le  i n  a  
s o l d e r  s p h e r e  o f  a p p r o x i m a t e l y  114-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 v e n t e d .  

4 .  C e l l  Tempera tu re  

The t e m p e r a t u r e  o f  a t  l e a s t  two 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  b e  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  b a c k  of  t h e  c e l l s .  

5 .  S u b s t r a t e  S u r f a c e  T e m p e r a t u r e  

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  o f  t h e  s o l a r  module s h a l l  b e  
I measured  t o  ?l0c b e n e a t h  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 ~ . e s e ~ ~ t a t i v e  s p a c e  be tween  c e l l s .  T h e r n ~ c o u p l e s  s h a l l  b e  26 gauge ,  
and s h a l l  b e  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  be p r i n t e d  o u t  a p p r o x i m a t e l y  e v e r y  2. m i n u t e s .  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 r e  s h a l l  be  c o n t i n u o u s l y  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  c e l l  module and t h e  pyranometer  b u l b  - 
s h a l l  be  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  b e  
a l lowed  t o  b u i l d  up.  C l e a n i n g  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  b e  e f f e c t i v e .  

. . .  

M. EQUIPMENT CALIBRATION 
. . 

A c a l i b r a t i o n . ,  dheck . s h a l l  .be 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 . .  , 

TEST DESCRIPTION . ' I .  , 

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  b e  
completed b e f o r e  t h e  s c a r t  o f  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  equipment.  s h a l l  b e  checked urlce .every  h o u r .  

. . ; . TEST DESCRIPTION , . 
. . 

c . .  

Title: NATURAL SUNLIGHT THERMAL PERFORMANCE TEST 

Article: Serial No. 

Location: 

Latitude: - 
, , 

Elevation: 

Date: Solar Noon Optical Air Mass 

Cleaning Agent Used: - 

Desired Tilt Angle: Actual 

Equipment Calibration Complefe 
, s 

Name; -.- = -. , Ext :  , 

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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