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SECTION I 

INTRODUCTION 

The electrical power output of photovoltaic solar cell modules 
5s 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 pcrformance 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 a l so  
demonstrated. Cost effectiveness of each of these techniques are 
evaluated in light of the LSA cost goal of $0.50 per watt. 
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SECTION I1 

TEST I NG APPROACH AND ORGANIZATION 

The tes t  program dur ing  t h e  per iod covered i n  t h i s  r e p o r t  has  
had two ob jec t ives .  Increas ing  our  understanding of module thermal 
performance so t h a t  cooler-running modules can be designed cont inues 
t o  be t h e  main ob jec t ive .  Secondly, ob ta in ing  t h e  information t o  more 
accura te ly  ?va lua te  t h e  cos t  e f f ec t iveness  of p o t e n t i a l l y  promising 
techniques (which could u t i l i z e  t h e  photovol ta ic  module i n  e s s e n t i a l l y  
i t s  present  form) has  become a s i g n i f i c a n t  p a r t  of t h e  thermal t es t  
program. 
a r e  a water cooled module, a module wi th  a phase change material, and 
the  combination of a photovol ta ic  module and a s o l a r  water hea t ing  
module. 

Examples of promising techniques evaluated dur ing  t h i s  period 

The n a t u r a l  l i g h t  t e s t  procedure f o r  determining t h e  nominal 
opera t ing  c e l l  temperature (NOCT), which was discussed i n  the  f i r s t  
thermal s tudy (Reference l ) ,  has been u t i l i z e d  ex tens ive ly  and has  
proven t o  be an exce l l en t  t o o l  f o r  understanding and cha rac t e r i z ing  
the  thermal performance of t h e  var ious modules. During t h i s  per iod ,  
the concept of NOCT has gained increased acceptance,  and t h e  r e s u l t s  
of these determinat ions provide an  important c h a r a c t e r i z a t i o n  of 
module performance. Because of  t he  block procurements and t h e  p a r a l l e l  
RSD procurements, the  NOCT e f f o r t  is a cunt inuing one. NOCT-related 
tes t s  a r e  discussed i n  Sec t ion  iV. 

Since the  d a t a  s y s t e m  f o r  NOCT has been automated, o t h e r  tests 
a r e  o f t en  cdr r ied  out i n  a p a r a l l e l  mode. For the  most p a r t ,  t hese  
"other tests" a r e  thermal i n  na ture .  However, measurement of  t h e  e lec t r i -  
ca l  performance during t h e  day o r  around s o l a r  noon is o f t e n  requi red  
t o  eva lua te  a conf igura t ion  o r  a p a r t i c u l a r  e f f e c t .  llany of t hese  
t e s t s  support  needs i d e n t i f i e d  i n  t h e  engineer  
"Othc>r tests" a r e  discussed i n  Sect ion V. 

The amount of ana Iys i s  undertaken dur ing  
minimal and of "back-of-envelope" c a l i b e r .  If 
performance ind ica t e s  a promising concept,  i t  
bu i ld  and tes t  thc  conf igura t ion  than t o  c a r r y  

ng o r  system a rea .  

t h i s  period has  been 
an approximation of 
s more expedient to 
out  a d e t a i  1i.d computer- 

type ana lys i s .  T h c  f l e x i b i l i t y  of t he  d a t a  s y s t e m ,  t h e  l a rge  number 
and v a r i e t y  of moduies a v a i l a b l e ,  and the  var ious J P L  shop f a c i l i t i e s  
enable t h i s  d e s i r a b l e  ope ra t ing  mqde. Noreover, t h i s  approach is  i n  
conformity with the  acce lera ted  design of t he  LSA program. 

2- 1 



SECTION I11 

TEST HARDWARE AND INSTRUMENTATION 

A. MODULE PHYSICAL PROPERTIES 

The NOCT has been measured on a l l  of t h e  modules shown i n  Figures  
3-1 through 3-4. The Block I modules (Figure 3-1) were obtained i n  t h e  
f i r s t  JPL procurement and are r ep resen ta t ive  of off-the-shelf modules 
produced a t  t h e  s t a r t  of  t he  LSA program. The Block I1 modules (Figure 
3-2) are t h e  f i r s t  modules purchased which were cons t ruc ted  according 
t o  J P L  spec i f i ca t ion .  As t he  name implies ,  t he  Block I1 minimodules a r e  
smaller  vers ions  o f  t h e  Block 2 modules and are used mainly f o r  t es t  
purposes. Several  modules (Figure 3-4) have become a v a i l a b l e  as an  
outgrowth of t h e  var ious  research  and development tasks .  

L t  is obvious from Figures  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 .  Bas ica l ly ,  the  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 are  contained by an encapsulant  between a 
cover and a s u b s t r , - ~ t e .  Table 3-1 summarizes the  m a t e r i a l s  used i n  t h e  
cons t ruc t ion  of each of t h e  modules. Also included i n  Table 3-1 are 
t h e  J P L  modified modules. Each of these  modules is  a modi f ica t ion  of 
a Block I ,  Block 11, o r  RSII) module. I n  each case  t h e  modi f ica t ion  was 
required t o  demonstrate t h e  e f f e c t  of a s p e c i f i c  change i n  t he  module 
on thermal performance. These modules a r e  discussed i n  more d e t a i l  i n  
Sei- t ion 1 V .  

B. TEST SE'I'I'P 

1\11 tes t s  w e r t b  performeti a t  J P L  i n  che thermal ' e s t  a r e a s  
located on  t he  roof c j f  Building 348 .  The t e s t  s i t e  meets t h e  requi re -  
ments of the  NOCT t e s t  procedure. Figure 3-5 is a photograph of t h e  
tes t  a r m .  Ihe s i t e  o f f e r s  a n  unobstructed view of t h e  sun f o r  more 
t h a n  e ight  ii(i!irs p e r  d a y  throughout t he  year .  

Each m c l u l e  is p a r t  of a 1.22m x 1.22m ( 4  foot  square) a r r a y ,  
which c o n s i s t s  of o the r  m c x l u l t * s  o r  black alumiwm panels .  The a r r a y  
a t t aches  t o  i). stdnd t h a t  can be posi t ioned t o  any t i l t  angle  between 
0" ilnd 90'. Ad.justn;c.iits o f  ttic t i l t  ang le  a r e  made pe r iod ica l ly  t o  
i ~ e t  t i l e  rcJquir J _+5"  n o r ~ i i i i ~ i t ~  ti) t i l e  sun ;it s o l a r  nuon .  

3- 1 



A photograph of the MRI Mark 111 Vector Vane Sensor is shown in 
Figure 3-7. The instrument provides both wind direction and wind 
speed. It is positioned at the level of the arrays. 

Figure 3-8 is a photograph of the vented box which houses the 
thermocouple for measurement of the local air temperature. The air 
temperature monitor hangs from the back side of the array support 
structure. The measurement is made in the shadow of the array and 
approximately at its center. 

Chromel-constantan thermocouples are uszd. Thirty-six gage wire 
is used to monitor the cell temperature and twenty-six gage wire is 
used for all other thermocouples. 

The various instrumentation signals are processed by the IDAC 
(Integrated Data Acquisition and Control) system. Every two minutes 
all data is  read onto magnetic tape for non-real-time processing by 
the Univac 1108 computer. Real-time printout and display are provided 
at the IDAC console. Solar intersity, wind velocity, and otter 
channels are monitored continuously on --Y plotters. 

Univac 1108 processing includes a time tag printout of all the 
channels plus plotting of selected channels. Figures 3-9 through 3-13 
are typical of the plotted data provided by the 1108 system. Figures 
3-9 tilrough 3-12 summarize the environment (total solar intensity, air 
temperature, wind speed and direction) during the test period. 
Figure 3-13 is a plot of the difference between cell temperature and 
air temperature as a function of solar intensity for both the morning 
and afternoon. The curve formats enable a quick determination of the 
S(ICT. With the present system, up to nineteen modules can be monitored 
simultaneously, and additional growth potential exists with the very 
f lexih l e  IDAC sys tem. 

Figure 3-11 illustrates m e  o f  the 1L)AC system capabilities. 
T h e  system provides a continuous four-minute averasing of the wind 
s p e e d .  
tiowever, 3s Figure 3-11 vividly illustrates, averaging of tne wind 
data is a significant aid to interpreting the wind speed. 

Additional studies o f  the effects of wind will be required; 
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SECTION I V  

NOCT CHARACTERIZATION TESTS 

A. NOCT TEST PROCEDURE 

A thermal test procedure t o  determine the nominal ope ra t ing  cell  

This  procedure has  not  been changed and is repeated i n  
temperature w a s  developed i n  t h e  f i r s t  phase of thermal t e s t i n g  
(Reference 1 ) .  
Appendix A. A l l  of t he  NOCT c h a r a c t e r i z a t i o n  tests are performed 
according t o  the  NOCT test  procedure. 

NOCT t e s t i n g  is performed i n  n a t u r a l  s u n l i g h t  and provides  a 
means of determining accu ra t e  and repea tab le  nominal opera t ing  cel l  
temperatures.  NOCT tests were recen t ly  completed on t h e  Block I1 
modules a t  the  L e w i s  Research Center  (Reference 2).  Table 4-1 shows 
the  r e s u l t s  of these  tests as compared wi th  t h e  JPL test r e s u l t s  f o r  
t h e  same type of modules. 

Table &I. LeRC and J P L  NdCT T e s t  Summary 

Block I1 
Module 

~~ ~~ ~ - 

NOCT ("C) 
LeRC JPL 

Solarcx 46 .O 47.1 

Solar Power 45 .O 46.0 

Spec t r o l a b  41.0 41.1 

Sensor Technology 40.5 42.9 

B. NOCT OF VEiJDOR MODULES 

Information regarding NOCT t e s t i n g  of t h e  vendor suppl ied  modules 
measured t o  d a t e  i s  summarized i n  Table 4-2. In  add i t ion  t o  t h e  
ma te r i a l  summary of each module, t he  t a b l e  inc ludes  t h e  number of 
tests made t o  determine NOCT ( t h e  NOCT procedure r equ i r e s  a minimum 
of two t e s t s )  and a t abu la t ion  of thermally 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 .  
Stildy of Table 4-2 enables  some b a s i c  conclusions t o  be drawn about t h e  
module thermal design.  

1. A i r  Voids 

A i r  voids  wi th in  a module should be  e l imina ted .  This  conclusion 
was reached by ana lys i s  i n  the  f i r s t  thermal s tudy (Reference 1); 
modules 5, 14, 19, and 20 experimental ly  i l l u s t r a t e  t h e  h igher  

4- 1 
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t e q e r a t u r e s  due t o  a i r  voids .  Module 5,  which has  an a i r  void 
between the  f r o n t  cover and t h e  ce l l ,  has  t h e  h ighes t  NOCT measured 
(59.6OC). Module 14 has  only a p a r t i a l  void beneath t h e  cel l  and t h e  
metal subst-a*.e, and a s i g n i f i c a n t  p a r t  of t h e  ce l l  is mounted d i r e c t l y  
above the  metal subs t r a t e .  As a r e s u l t ,  t h e  void i n  t h i s  i n s t ance  is 
not a dominatinp thermal e f f e c t .  
RTV 615 reduced its NOCT only  from 46.3'C to  45.6'C. 

El iminat ion of t h e  void by i n j e c t i n g  

The a i r  void i n  modules 19 and 20 are not  t o t a l l y  enclosed. I n  
each case the  void is c rea t ed  by a box, open a t  both ends,  which is 
t h e  support  s t r u c t u r e  and/or a combination of support  and s u b s t r a t e .  
Except f o r  t h e  box, module 20 is thermally very similar t o  module 15. 
Module 15 (no box) is l l ° C  coo le r  than module 20, and g ives  an  indi-  
c a t i o n  of t he  improvement i n  opera t ing  temperature t h a t  could be 
obtained with a t o t a l l y  open conf igura t ion .  
module temperature t r a n s l a t e s  i n t o  a 5% improvement in power.) 

(An l l ° C  reduct ion  i n  

I f  the  void th ickness  is g r e a t e r  than approximately 1.2cm, h e a t  
t r a n s f e r  a c r a s s  t h e  void by f r e e  convect ion is probable.  
convection is occuring, f i l l i n g  the  void with RTV w i l l  not  reduce t h e  
temperature as much as would occur i f  conduction through t h e  a i r  was 
the main heat t r a n s f e r  Mode. To i l l u s t r a t e ,  t he  l a r g e  void i n  module 5 
was f i l l e d  with RTV 615, which has  a thermal conduct iv i ty  6.5 times 
g rea t e r  than t h a t  of a i r .  
59.6"C t o  54.1"C. 
mode of heat  t r a n s f e r ,  a reduct ion  i n  NOCT of 1 0 ° C  t o  15OC 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 cke r  
vers ion  of module 6,  whose NOCT i s  41.1"C. 

I f  f r e e  

The decrease i n  NOCT was only 5OC, from 
I f  conduction through the  a i r  had been t h e  main 

Voids should be  designed out  of t h e  module. F i l l i n g  the  void 
a s  an a f t e r though t  w i l l  probably not be  cost  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  ma te r i a l  and labor .  

2 .  Fins 

Both modules 1 and 2 have a f inned metal s u b s t r a t e  and have the  
lowest NOCTs. The f i n s  were machined from module 2 and t h e  NOCT 
increased 2.7"C t o  41.5"C. 
of module 8 w h i c h  is thermally s i m i l a r  t o  module 2 but  has no f i n s . )  
Therefore,  the f i n s  probably increased t h e  power 1% t o  2% (0.5% per'c). 

The average cos t  of t he  Block I modules was approximately $20 per  

(This  NOCT is not very d i f f e r e n t  from t h a t  

waLt. Module 2 h a s  an output  of about 5 wat t s .  Therefore,  t h e  f i n s  
c o n t r i t u t e d  0.1 watts 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  the  f i n s  
would have t o  cos t  less than $ 2  per  module (20 x 0.1). 
c o s t  e f f e c t i v e  f o r  the  Block I modules, i t  is obviously not  going 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  goal of $0.50 per wat t .  
Block I purchase, t he re  has  been only one module design with f i n s ,  which 
is probably the  bes t  i nd ica t ion  t h a t  f i n s  may not  be c o s t  e f f e c t i v e  even 
a t  today 's  p r i ces .  

While poss ib ly  

Since t h e  
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3. Transparent vs Opaque Subs t r a t e s  

Modules 6, 7, and 15 have t ransparent  s u b s t r a t e s ,  and t h e i r  
NOCTs are abcut  t he  same as otherwise thermally equivalent  modules 
(modules 8 and 9) with metal s u b s t r a t e s  (no f i n s ) .  
(Reference 1) i t  was cautioned t h a t  t h e  t r anspa ren t  module i n  a resi- 
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  hea t ing  of t he  air  
void (very similar t o  t h a t  of module 20) c rea t ed  between t h e  roGf and 
the  module. 

In  t h e  f i r s t  s tudy 

Recently, tests a t  JPL and by G.E. have demonstrated t h a t  a 
white r e f l e c t i v e  i n t e r c e l l  area inc reases  the  power output  of t he  
module s i g n i f i c a n t l y .  
increased the  power output by 82 and increased t h e  NOCT by 1.5OC, 
from 43.1OC t o  44.6"C. 
7%. This is another reason f o r  not using a t r anspa ren t  s u b s t r a t e .  
White po lyes t e r  is used t o  create a r e f l e c t i v e  in te rce l l  area i n  
modules 12 and 13. 
suggested as a means of obtaining the s o l a r  r e f l e c t i v e  f i n i s h .  
Compared t o  the  t ransparent  s u b s t r a t e ,  thermal performance i s  negl i -  
g i b l y  d i f f e r e n t  f o r  a white s u b s t r z t e ,  but  t he  demonstrated inc rease  
i n  e l e c t r i c a l  performance makes ;he white s u b s t r a t e  t he  p re fe r r ed  
design. 

A d i f f u s e  white pa in t  on t h e  back of module 7 

Therefore,  t he  n e t  power increase is a t  lea. 

The use of white t e d l a r  o r  po rce l a in  has  a l s o  been 

4.  Metal vs Nonmetal Subs t r a t e s  

Depending upon the nonmetal material used, t he  thermal advantage 
of the  metal s u b s t r a t e  can be reduced t o  a n e g l i g i b l e  considerat ion.  
A comparison of t h e  NOCT f o r  modules 8, 9 ,  and 18 (metal subs t ra t .e )  
with modules 1 2  and 13 (white po lyes t e r )  i l l u s t r a t e s  t h a t  t h e  metal 
s u b s t r a t e  (aluminum) is a t  most 3 ° C  cooler .  Eloreover, a f t e r  pa in t ing  
the  bat.k s i d e  of module 7 (PL'B s u b s t r a t e )  t he  NOCT was only 0 . 2 O C  
warmer t;.an that of module 9 .  Also, bonding (ECOBOND 57C) a 0.05 c m  
(1 /8  incti) aluminum sheet (white e x t e r i o r )  t o  the  back of module 4 
(G10 board s u b s t r a t e )  increased the  NOCT from 48.8OC t o  49.6OC. 

None of these d i f f e r e n c e s  is s i g n i f i c a n t  enough t o  make t h e  metal 
s u b s t r a t e  thermally preferred over a nonmetal s u b s t r a t e .  I f , a s  pre- 
d i c t ed ,  ma te r i a l  cos t  Iavors  less thermally conductive s tee l  over 
aluminum, the  thermal r a t i n g  of the module w i  t i l  nonmetal s u b s t r a t e  
could be t h e  same t o  s l i g h t l y  b e t t e r  than t h a t  of  t h e  module with 
s t ee l  Subs t r a t e .  

5. High Eff ic iency MJdules 

T h e  u s e  of inexpensive rectangular  c e l l s  w i l l  r esu l t  i n  high 
e f f i c i e n c y  modules. The e f f e c t  on NOCT of i nc reas ing  the  n e s t i n g  
e f f i c i e n c y  from approximately 752 ( c i r c u l a r  c e l l s )  t o  100% (square,  
r ec t angu la r ,  hexagonal) is  obtained by comparing t h e  NOCT of modules 
3 and 1 7 .  Tile construct ion is e s s e n t i a l l y  i d e n t i c a l ,  except 
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Table 93. MOCT Suwnary for a Residential Roof f n e t a l l a t i o n  

casa No. Confbgurat ion 

U c o l n  Laboratory Mount- 

1 Module at c e n t e r  of roof (No flow 55.5 9.5 
beneath raodula) 

a Module at wtlwest e d e  of roof 49.9 3.9 
(Permits east-west air flow) 

M i f  led C o a f i p r a t i o n  

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

4 A l l  edges open (Permits f law In a l l  49.4 3 04 
d i r e c t i o n s )  

Shingle  Type Mounting 
(Urd muhied  to roof) 

5 Roof uninoulated 58.0 12.0 

6 Roof insu la .  ed 61.5 15.5 

* NOCT of t h i s  module iS-46OC f o r  t h e  normal f i e l d  i n s t a l l a t i o n .  

1. Lincoln Laboratory Configuration 

With no air flow beneath t h e  modules (Case l), as would be t y p i c a l  
of the  intermost-mounted modules, t h e  NOCT is 9.5OC warmer (55.5OC 
compared to  46.OoC) than t h e  NOCT f o r  t h e  same module mounted i n  t h e  
normal f i e l d  i n s t a l l a t i o n .  Modules a long  the east o r  west edge (Case 2) 
would be 3.9OC warmer, because some a i r  flow is poss ib l e  through t h e  
open s i d e s .  
a long the  top and bottom edges (Case  31, t h e  module is 4.8OC warmer. 
I f  the module was suspended from the  roof by l e g s  r a t h e r  than rails 
(Case 4), t h e  module is 3.4OC warmer. 

I f  t h e  msdules were a t t ached  along t h e  sides r a t h e r  than 

This test series i l l u s t r a t e s  t ha t  higher  opera t ing  temperatures 
w i l l  occur f o r  r e s i d e n t i a l  roof i n s t a l l a t i o n s ,  and the  decrease  i n  
e l s c t r i c a ?  performance w i l l  be 2% t o  5% t n  t h e  worst  case. 
technique permi t t ing  more a i r  flow coulc it t h i s  pena l ty  i n  h a l f ,  
However, t he  module support  s t r u c t u r e  i c  also u t i l i z e d  t o  support  
l adders  (or the equ iva len t ) ,  which enable  t h e  i i ? i t q p '  

1. mounting 

' t a l l ,  t i o n  of 
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t h e  modules as w e l l  as f u t u r e  servicing to  be carried out  wi th  eo 
damage to the  modules or t h e  existing roof .  A mounting technique 
which a s su res  t h i s  protection is w e l l  worth a 1% t o  2-112% decrease  
i n  electrical  performance. 

2. Shingle  Simulated Uounting 

It is not  s u r p r i s i n g  t h a t  hard mounting t h e  module to  roof 
inc reases  t h e  MOCT f u r t h e r .  For a n  uninsula ted  roof (Case 5). t h e  
NOCT is 12OC (58.0"C coatpared to 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 is insu la t ed  on t h e  a t t i c  s i d e  
(Case  6), t h e  NOCT is 15.S0C w a r m e r  (61.5OC). 

Hard mounting t h i s  p a r t i c u l a r  module does create a n  air-void 
between t h e  s u b s t r a t e  and t h e  roof.  
probably would not  be designed i n  t h i s  manner. 
t h e  temperature inc rease  would be 4OC less i f  t h e r e  were no a i r  void. 
This  estimate is based upon bonding " f lake  board" (1.9cm th i ck )  t o  
the  back of module 3; the  NOCT increased 7.6OC (47.5"C to  55.loC).  
Without t he  voids  t h e  temperature rise would be similar to  t h a t  of P 

module loca ted  i n  t h e  cen te r  of t h e  roof (Case 1) f o r  t h e  Lincoln 
Laboratory Configurat ion.  

A s h i n g l e  module should not and 
It is est imated t h a t  

A poss ib l e  conclusion from these  tests is t h a t  un less  t h e  module 
is suspended from the  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 the  module (Case 4 ) ,  i t  may be b e t t e r  t o  hard mount t h e  module, 
t rad ing  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 r u c t u r e  
cos t .  Moreover, t he  module t h a t  is in t eg ra t ed  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 leak .  Repair- 
ing  a l eak  loca ted  beneath a module mounted i n  t h e  Case 4 conf igura t ion  
is not  l i k e l y  t o  be attempted 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  thermal performance of modules mounted i n  t h i s  manner (of f  of t h e  
roof)  may not  j u s t i f y  t h e  add i t iona l  i n i t i a l  and long term cost. 

In summary, t h e  improvement 

D. NOCT OF DIRTY MODULES 

Figures  4-2 and 4-3 show the  e f f e c t  on NOCT of d i r t  accumulation 
f o r  modules with non-glass and g l a s s  f r o n t  su r f aces ,  respec t ive ly .  
Measurements f o r  modules with non-glass su r faces  were made a t  a t i l t  
angle  of 13" during June and Ju ly .  T i l t  angles  of t h e  g lass -sur face  
modules began a t  13" and were a t  18" by the  end of t h e  test per iod,  
w h i c h  occurred a t  t h e  middle of August. These low t i l t  ang le s  
encourage maximum d i r t  accumulation with respec t  t o  s p e c i f i c  test  s i te .  
The NOCT f o r  modules with t h e  non-glass f r o n t  s u r f a c e s  increased  1.3OC 
t o  2 .2"C  during the  f i r s t  week and remained cons tan t  during t h e  next  
three weeks. The NOCT of modules w i t h  g l a s s  f r o n t  su r f aces  increased 
less than 0 . 5 " C  during t h e  three week period of d i r t  accumulation. 
Although g r e a t e r  f o r  non-glass than f o r  g l a s s  su r faces ,  t h e  e f f e c t  of 
d i r t  accumulation on NOCT i s  not s i g n i f i c a n t .  
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Figure 4-2. Effect of Dirt kcurnlation on NOCT 
(Non-Class Front Surfaces) 

Figure 4 - 3 .  Effect of Dirt Accumulation on NOCT 
(Glass Front Surfaces) 

BRIQNAL PAOE IS 
OF POOR QUALITY 
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The meimured bcmser in electrical output  which =cum ae a 
r e s u l t  of d i r t  accunarletion is discuareed in  Sect ion V. Because of the 
e f f e c t  of d i r t  accuumlrtion on electrical eu tpu t  as w e l l  ~ I B  on laelnte- 
nance costs* ease of c l ean ing  is o f e c t o t  which may be of glome simlfi- 
cdl~~ce. In t h e  s tandard NOCT t a o t ,  the  arodulrs are cl@med befo re  each 
test. It has been oboerrved that i t  calces mare water, more tmmla, and 
aore "elhow grease" to c l e a n  t h e  noa-glass f r o n t  su r f aces .  
gases t h a t  t h e  cleaning machine f o r  non-g1-r f r o n t  s u r f a c e  modules amy 
cost more, use more materiahis, and take lon-r t o  do t h e  job than an 
equiwalent machine designed for washing modules wi th  glass f r o n t  
su r f aces .  

This eug- 

In s h o r t ,  t h e  c l ean ing  cost may be s i g n i f i c a n t l y  higher  f o r  
noa-glass modul@s. 

wO+isally NOCT is performed with a zero power 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. 
fofmsrnce of a test during which maximum power w a s  continuously removed 
from t h e  module r e su l t ed  in a reduction in NOCT of 2.9OC. This reduc- 
tion o f f s e t s  t h e  temperature rise due t o  d i r t  accumulation, an e f f e c t  
which is not  accounted for i n  t h e  determination of NOCT. 

Par- 

F. NOCT IN A SOLAR DOME 

Two solar dome concepts being s tud ied  by Boeing are i l l u s t r a t e d  
i n  Figure 4-4. 
thereby eliminates the requirement f o r  Weather-pKoOf encapsulat ion 
of the  cells, screens L'V, and enables  a lou-cost array s t r u c t u r e .  
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 to the high operat ing temperatures c h a r a c t e r i s t i c  
of t h e  green house. 

The weathered polyester  f i l m  enc loses  t h e  a r r a y s  and 

The 

ORIGINAL PAOE W 
0' POOR QUALITY 

Figure 4-4. Solar  Dome Concepts 
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Table 4-4. Sehr Domar NOCT S-ry 

Ter t Date 
Nom - O C  

Morning Afternoon 
~- 

White Floor 

4/17/78 
4/18/78 
4/19/78 
5/2/78 

Average 
Daily Auerage 

Black Floor 

5/12/78 
5/16/78 
5/19/78 

Awerage 
Daily Average 

65 .O 
65 .O 
66.0 
68.0 

66.0 

- 
69.3 

74.3 
74.9 
74.9 - 

73 .O 
71.7 
73.1 
72.4 

72.6 
- 

81.6 
82.0 
81.3 - 

74.7 81.6 
78.2 
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SECTION V 

A. WATER COOLED MODULE 

This  s tudy  was prompted became some a p p l i c a t i o n s  involve t h e  
mveaen t  of a l a r g e  amount of water. 
p r o j e c t  i n  Nebraska pumps 60,000 gal lone  pe r  hour or 1,542 gallones per  
hour per  square f o o t  of module area. 
much l a r g e r  flow rates are poss ib l e  with a simple g r a v i t y  f e d  config- 
u ra t ion ,  such as a common trough feeding water i n t o  t h e  top  of tubes 
a t t ached  or b u i l t  i n t o  the  back of t h e  modules, and d ischarg ing  i t  i n t o  
a holding pond or i n t o  t h e  supply system. 
improve the  performance s l i g h t l y .  

For example, t h e  i r r i g a t i o n  

While t h i s  flow rate is adequate,  

A larger flow rate would 

In t he  test s e t u p  water was c i r c u l a t e d  through two copper tubes  
bonded to  t h e  backside of a Block I Spect ro lab  module. This  module h a  
two rows of c e l l s  mounted i n  a s taggered  p a t t e r n  on an aluminum I-beam. 
As i l l u s t r a t e d  in Figure El, t h e  copper tubes  were bonded on e i t h e r  
s i d e  of t he  I-beam beneath the c e l l s  wi th  a thermally conductive 
adhesive (Eccobond 57C). The i n l e t  water temperature was maintained 
cons tan t  during the  test. Maximum power w a s  cont inuously drawn from 
the module. Figure 5-1 p re sen t s  temperatures of t h e  module as measured 

*l-t I 
l/C S L J  

Figure 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 i: 2m~/cm2) 
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at noon. With water cooling the gradient through the module is cut 
ahnost in half, an8 the cell is about 3'6 warmer than the local water 
temperature. Revera- the flow (bottom to top) h d  no effect on the 
temperature profile, and there was no measurable change in P- when 
the flow uaa increatsed by a factor of five. 

The average elactrical efficiency of the module (ne) was deter- 
mln@d by: 

where: 

0 =time 

L = total intensity 

A = module area 

= m ~ i m u m  power pmax 

The ne -values for the tests are' presented in Figure 5-2. Also 
shown is the ne without water cooling and the expected ne for other air 
temperatures assuming the calculated change in TIE: of 0.038% per "C 
change in average air temperature. 
air temperature), nE: would be about 5.2% for the normal field installa- 
tion with air cooling only. 
power generation on this same hot day could be increased 16.0% 
(ne = 6.03X) and 20.8% (ne = 6.28%), respectively. 
(90°F) water, power generation would improve 11.0% (5.77% compared to 
5.2%) on the summer-type day. 

On a hot summer day (35OC average 

With 23OC (75°F) and 15°C (60°F) water, 

Even with 32.2"C 

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 nodule should 
not be increased significantly by building iuto the module substrate 
the cooling channels or the provision for bondingt'inserting copper 
cooling tubes, which could be optional. 
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Figure 5-2. Electrical Efficiency of a Water-cooled Flat 
Plate Photovoltaic Module 
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B e  COMBINED PHOTOVOLTAIC AND SOLAR WATER HEATING MODULE 

Absorber area requirements f o r  hea t ing  water o r  some o the r  f l u i d  
f o r  home space and hot  water hea t ing  are very la rge .  
Reference 3 shows t h a t  l o c a l l y  t h e  solar absorber  area requi red  f o r  an 
average home is 37.2 square meters (400 equare f e e t ) .  
i n  t h e  high d e s e r t  of Ca l i fo rn ia  r e q u i r e s  69.7 square meters (750 square 
f e e t )  of absorber  area.  
(Reference 4) uses  a l l  of t h e  roof area fac ing  south (71.3 square meters) 
as s o l a r  c o l l e c t o r  area. Therefore,  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  south-facing r e s i d e n t i a l  roof space is not  a v a i l a b l e  
f o r  both photovol ta ic  and s o l a r  hea t ing  modules. 

For example, 

This  stme home 

So la r  House I at For t  Co l l in s ,  Colorado 

Since a o l a r  c e l l s  have a s o l a r  absorbance as good as t h e  average 
black absorber ,  t h e  cells can r ep lace  t h e  black coa t ing  of t h e  s o l a r  
water hea te r  without s i g n i f i c a n t l y  a f f e c t i n g  its hea t ing  cha rac t e r i s -  
t i c s .  
one o r  two g l a s s  layers coverinb the  absorber  p l a t e  t o  minimize t h e  
f r o n t  thermal losses .  
i n  electrical e f f i c i e n c y  t h a t  r e s u l t s  from the  marriage of a photo- 
v o l t a i c  and s o l a r  hea t ing  module. 

However, electrical performance is s i g n i f i c a n t l y  degraded by t h e  

Tests were performed t o  eva lua te  t h e  reduct ion  

Figure 5-3 i l l u s t r a t e s  t h e  combined module. The Spec t ro lab  Block I 

The Foamglas is an exce l l en t  
module used previously f o r  water cool ing tests was surrounded on t h e  
backside by 7.6 cm of Foamglas i n s u l a t i o n .  
i n s u l a t o r  and has s t ruc tv -31  c h a r a c t e r i s t i c s  a l lowing it t o  be machined 
t o  t h e  des i red  conf igura t lon .  Double s t r e n g t h  window g l a s s  0.32 cm 
t h i c k  w a s  used f o r  t h e  glazing.  
and t h e  photovol ta ic  module ( s i n g l e  g l a s s  conf igura t ion)  was 1.27 cm. 

Separat ion d i s t ance  between t h e  g l a s s  

, MOWLE GLASS COVER 

,,'),~lTlONAL GLASS COVERS 

Figure 5-3. Combined Module Conf i g u r a t i a n  

5-4 



The module was mounted i n  an east-west d i r e c t i o n  t o  minimize 
shadowing of t h e  cells. 
t h e  8un a t  s o l a r  noon. Water flow was from east t o  west a t  15.1 +3 
liters per  hour. 
per  square foo t  of absorber  area and is about t h r e e  tbes  that commonly 
used in  s o l a r  water c o l l e c t o r s .  The test flow rate was t h e  lower prac- 
t i ca 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 to  d i f f e r e n t  ce l l  temperatures. C e l l  temperature 
d i f f e rences  of up t o  7*C (cell near  t h e  water i n l e t  compared t o  a cel? 
a t  t h e  water o u t l e t )  can be expected a t  t h e  lower flow rate. 
higher  test flow rate c u t  t h i s  d i f f e rence  i n  h a l f .  
t h e  pump requirements w i l l  d i c t a t e  t h e  more common lower flow rete and 
an a d d i t i o n a l  1% to  2% decrease  i n  photovol ta ic  power is probable. 

The a c t i v e  s i d e  of t h e  module was normal to  

Th i s  flow rate corresponds t o  4.5 ga l lons  pe r  hour 

The 
In an a c t u a l  system, 

Three tests were c a r r i e d  out .  In  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 increased l i n e a r l y  up t o  54'C (130'F) by 
1400 PST. 
f igu ra t ion ,  and t h e  resul ts  showed approximatley the  same water tempera- 
t u r e  p r o f i l e .  In  the  t h i r d  test ,  a l s o  with t h e  double g l a s s ,  an elec- 
t r i c a l  hea t e r  was turned on a t  10:45 PST t o  s imula te  B s l i g h t l y  higher  
temperature system. The f i n a l  water temperature reached was 64.4OC 
(148OF). Figure 5-4 p re sen t s  ce l l  temperature as a func t ion  of time 
f o r  t hese  th ree  tests p lus  the  c e l l  temperature f o r  t he  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  wi th  air  cool ing  only. 
Cell temperatures f o r  the f i r s t  ha l f  of t he  morning f o r  t h e  combined 
conf igura t ion  are similar t o ,  and on occasion may be lower than t h e  
air-cooled-only conf igura t ion  depending on the  i n i t i a l  temperature of 
t he  s torage  water. By mid o r  la te  morning, however, t he  c e l l  tempera- 
t u r e  f o r  the  combined conf igura t ion  exceeds t h a t  of t h e  air-cooled-only 
configurat ion,  and i t  remains s i g n i f i c a n t l y  warmer throughout t he  
af ternoon,  during which per iod the  temperature  of t he  air cooled module 
a c t u a l l y  decreases.  Since power f o r  the photovol ta ic  only module 
decreases  a t  a rate of 0.4% p e r  O C  increase  i n  c e l l  temperature,  the  
higher  module temperatures,  e s p e c i a l l y  i n  t h e  af ternoon,  con t r ibu te  
> i g n i f i c a n t l y  t o  lessening  the e l e c t r i c a l  performance. 
presents  t h e  e l e c t r i c a l  e f f i c i e n c y  (r lc)  as a func t ion  of time f o r  t he  
same tests and c e l l  temperatures corresponding t o  those presented i n  
f i g u r e  5-4. 

The second test  was c a r r i e d  out  using a double g l a s s  con- 

Figure 5-5 

Table 5-1 is a summary of e l e c t r i c a l  e f f i c i e n c y  ( q c  ) f o r  an 8-hour 
opera t ing  per iod,  including t h e  s o l a r  noon measurements. To ob ta in  the  
8-hour average i t  was necessary t o  ex t r apo la t e  the  curves i n  Figure 5-5. 
The nh of the  photovol ta ic  module alone was assumed t o  be the  same i n  
t h e  morning as measured i n  the af ternoon.  
is approximately t r u e ,  but genera l ly  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  
higher i n  the  morning because of cooler  air  temperatures.  
R s ing le  g l a s s ,  of double g l a s s ,  and of the  higher  a f te rnoon water 
temperatures o n q c  a r e  i l l u s t r a t e d  i n  Table 5-1. 
t h a t q , f o r  t he  noon hour i s  less than the  d a i l y  average f o r  t h e  photovol- 
t a i c  module alone but g r e a t e r  than t h e  8-hour d a i l y  average f o r  t he  com- 
bined conf igura t ions .  Compared t o  the  d a i l y  average, t he  noon average 
performance p r e d i c t s  a higher  performance by 2%, 7%, and 9X, f o r  the 
s i n g l e  and two double g l a s s  conf igura t ions ,  r e spec t ive ly ,  and a 2% lower 
performance f o r  the  photovol ta ic  only module. 

Analysis i n d i c a t e s  t h a t  t h i s  

The e f f e c t  of 

It is a l s o  apparent  
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Figure 5-4 .  Solar Cell Temperature vs Time of Day 
for Photovoltaic Only and Combined 
Phot avo1 t aic /Thermal Collectors 
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Figure 5-5. Electrical Efficiency vs Time of Day 
for Photovoltaic Only and Combined 
Photovoltaic/Thermal Collectors 

Table 5-1. Electrical Efficiency (oC) of Photovoltaic Only and 
Combined Photovoltaic/Thermal Collectors (5) 

(Combined Modules) 

Double Glass 
Single Water Storage 

Time Period Photov. Only Glass 55.6OC 64.4OC 

Morning 5 . 4 9  4 . 6 4  3 .72  3 . 8 5  

Af termon 5 .49  4 .32  3 . 3 4  3 . 1 0  

Daily 5 . 4 9  4 . 4 8  3 .53  3 . 4 8  

Noon 5.37  4 . 5 8  3 . 7 8  3 . 7 8  
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The purpose of t h e  last tcio tests was t o  estimate tile change i n  
n,: which occurred with a chanen i n  water s to rage  temperature. 
par i son  was less than i d e a l  because of the  d i f f e rence  i n  the  i n i t i a l  
water s to rage  temperatures. However, assuming morning va lues  f o r  T ) ~  

t o  be the  same, and basing the  est imated change i n  ne only on the  change 
i n  afternoc-i performance, the  est imated va lues  f o r  e l e c t r i c a l  e f f i c i e n c y  
are minimum but  r ep resen ta t ive  of a c t u a l  values .  
d a i l y  electrical  performame f o r  a change i n  water s torage  temperature 
(Aqe/AT STR.) is thus est imated at 0.014X per  O C  f o r  the double g l a s s  
configurat ion.  Figure 5-6 graphica l ly  i l l u s t r a t e s  t h i s  e f f e c t .  Apprcxi- 
mately a 50X reduct ion i n  rlE from t h a t  f o r  t he  photovol ta ic  module alone 
would be approached with a combined module and 100°C f l u i d  s torage ,  as 
occurs f o r  Solar  House 1. 

The com- 

The minimum change i n  

Since the  danger of a decrease Ln flow rate is of concern wi th  
t h i s  type of combined module, a test was made t o  i l lus t ra te  t h i s  e f f e c t .  
Additional h e a t  w a s  added t o  the  s to rage  water and the  c e l l  temperature 
was elevated t o  75.6OC by 1 1 : O O  PST, a t  which time the  flow was stopped. 
The c e l l  temperature continued t o  increase  t o  a maximum of 91.l0C a t  
12:30 PST. This temperature is not  cause f o r  concern, however such a 
f a i l u r e  on a hot  day and with a thermally more e f f i c i e n t  system would 
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Figure 5-6. 

1 I I I 

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

I 
COMBINED MODULES 
DOUBLE GLASS CONFIGURATION 

WATER STORAGE TEMPERATURE -"C 

Effec t  of Water Storage Temperature on ti P E l e c t r i c a l  
Eff ic iency of a Combined PhotovoltaiclTherma: Col lec tor  
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result i n  cell temperatures greater than 100 C and perhaps as  high as 
l X l ° C .  .New material problmns m y  begin to  show up a t  t h e  latter 
teaperature .  

Table 5-2 is a cost sununary i n  $ per w a t t  formulated from t h e  
preceding e f f i c i e n c i e s  and 1980 and 1986 photovol ta ic  emdule cost goals. 
The o p t i m i s t i c  estimates assume t h a t  a l l  non-cell-related costs are 
absorbed by t h e  solar water heat ing module. 
1984 time period the  marriage conf igu ra t ions  w i l l  be cost e f f e c t i v e  in 
remote app l i ca t ions .  Beginning i n  1986, t h e  combined module f o r  d e r -  
ate storage temperatures could reduce t h e  cost t o  less than 50c 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  the combined d u l e  Gsill be most desirable. 

Sometime i n  the 1980 io 

Table 5-2. Preliminary Economic Iroplications of Combined Collectors 

1982 C o s t  1986 Cost 
( $ h a t  t 1 (SI- t t 1 Uater 

Co 1 lec tor Exi t  Tern 
Configuration ("C) C e l l s  Sub T o t a l  C e l l s  Sub T o t a l  

PV o n l y  - 1.80 0.20 2.00 0.34 0.16 0.50 

Comb i ndd 60 2.21 0 2.21 0.40 0 0.40 
( s ing le  g l a s s )  

Cgmbined 60 2.45 0 2.45 0.46 0 0.46 
(double g l a s s )  

100 2.70 0 2.70 0.51 0 0.51 

C. MODULE WITK A PHASE CHANGE MATERIAL 

There have been s e v e r a l  - q p l i c a t i o n s ,  both terrestrial and i n  
space, i n  which the  l a t e n t  heat  of fu s ion  is used to absorb excess 
energy t o  l i m i t  an otherwise unacceptable rise i n  temperature. A 
v a r i e t y  of phase change materials are a v a i l a b l e  so t h a t  correspondence 
between the des i r ed  melting point  and a p p l i c a t i o n  are e a s i l y  ob ta inab le  
i f  c o s t  is not a primary considerat ion.  
the LSA Pro jec t ,  and only a few of the  waxes have the  p o t e n t i a l  to  be a 
cost e f f e c t i v e  means of lowering o r  l i m i t i n g  t h e  photovol ta ic  module 
temperature. 

Cost is a primary f a c t o r  f o r  

Table 5-3 ( f r m  Reference 5 )  presen t s  t he  p r o p e r t i e s  of t h r e e  
waxes whose projectecl cos t  per l b  f o r  l a rge  commercial q u a n t i t i e s  show 
po ten t i a l  €or thermal s to rage  app l i ca t ions .  Of t hese  waxes, Eicosane 
has a melting point  (36 .7"C)  4°C t o  7°C less than t!ic NOCT of the  
block I1 modules (41OC t o  47°C). Therefore,  i f  t he  phase change material 
were success fu l  i n  absorbing the  excess  thermal energy, an improvement 
i n  power of 2% t o  3-112% could be expected. 
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Table 5-3. Material Properties of Candidate Fusion Materials 

Property 
Carbowax 

P a r a f f i n  Wax Eicosane 1000 

Formula '20H42 
Various Cx 

H2Xl-2 

Molecular weight Approx. 300 282 950-1050 

3 S o l i d  l b / f t  
Liquid l S / f t  

Density 
53.4 71.8 
48.6 51 

Melting Temperature (OF) 116 96.1 100-105 

Latent  hea t  (BTU/lb) 65 106 67 

S p e c i f i c  hea t  
So l id  (BTU/lb°F) 0.72 0.53 0.54 
Liquid 0.50 0.48 

Coec f i c i en t  of Thermal 
Expansion (l/OF) 

0.00016 0.00042 

Expansion i n  phase change ( X )  15 

T h y n a l  c o n d u c t i v i t y  BTU/hr 
f t"F/f t 

0.0865 

Material Compatibi l i ty  No problem No problem No problem 

Hazards Flammable € 1am.nble 

11 25 38 Cost C/ lb  

Common usage Paper Thermostat Rubber and 
c o a t i n g  a c t u a t i o n  Lex t i le  

i n d u s t r i e s  

Annual product ion 347,000 Tons 3' -40 Tons  

A Spec t ro l ab  Block 1 module was enclosed on t h e  backside a s  i l l u s -  
t r a t e d  i n  Figure 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  with t h e  wax. The test c o n f i g u r a t i o n  w a s  t h a t  normally used f o r  
the NOCT measurement wi th  t h e  module mounted i n  an a r r a y  and surrounded 
e i t h e r  by o t h e r  modules o r  by black p la tes  s imula t ing  o t h e r  modules. 
The t i l t  ang le  of t h e  a r r a y  was a d j u s t e d  t o  maintain the  module normal 
t o  t h e  sun a t  s o l a r  noon. Technical  grade Eicosane and common canning 
p a r a f f i n  were used f o r  t h e  phase change materials. Technical  grade 
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f -  

Figure 5-7. Phase Change Pho tovo l t a i c  Module 

Eicosane melts at  about 2°C lower than t h e  Eicosane shown i n  Table 5-3. 
Because of t h e  i m p u r i t i e s  i n  t h i s  g rade  of Eicosane the latent h e a t  w i l l  
a l s o  be s l i g h t l y  less then t h a t  shown i n  the  t ab le .  The canning 
p a r a f f i n  w a s  observed t o  m e l t  a t  about 6°C h ighe r  t han  that i n d i c a t e d  
i n  t h e  t a b l e .  
pound (compared to 11c per  pound i n  Table 5-3) and t h e  technical grade 
Eicosane c o s t s  $1.70 p e r  pound. 
$11.72 p e r  pound from the  same vendor (Humphrey Chemical Corporation).  

It was purchased a t  a local supermarket f o r  43c p e r  

The pure Eicosane w a s  a v a i l a b l e  f o r  

The e l e c t r i c a l  e f f i c i e n c y  ( ' l e )  is based on t h e  p h o t o v o l t a i c  module 
area and is as de f ined  previously.  Table 5-4 summarizes nE: f o r  t h e  
t h r e e  tests. Performance is based on 8-hour operat ion.  The Spec t ro l ab  
module h a s  a very l o w  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. Therefore ,  t h e  small improvement of  1.2% 
( p a r a f f i n )  and 1.4% (Eicosane) w a s  about a s  expected. The improvements 
are minimum s i n c e  t h e  a i r  temperature as w e l l  as  t h e  s o l a r  i n t e n s i t y  was 
the  same o r  greater on t h e  days du r ing  which the  wax w a s  used. 
r e s u l t  h ighe r  c e l l  temperatures  would have r e s u l t e d  without  u se  of wax 
on those days. 

As a 

Table 5-4. Electrical E f f i c i e n c y  (ne )  R e s u l t s  

Phase Change 
Materia 1 

~~ 

n E  (%I  Improvement ( X )  

None . 
Canning p a r a f f i n  

Tech grade Eicosane 

5.73 
~~ 

0.0 

5.80 1.22 

5.81 1.40 
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Figure 5-8 r b e  the cell temperature for each test, and t h e  
e f f e c t  of t he  wax is more evident .  
t h e  Eicosanc melted and no melting occurred wi th  t h e  p a r a f f i n  because of 
its h ieh  melt ing point .  
h igher  during the  last tvo hours of t h e  day. 
t h e  n ight  sky, the d u l e  and wax cool to less than the n i g h t  air temper- 
a t u r e ,  which increases the thermal s torage  capacity and accounts  f o r  the 
i n i t i a l  lower cell  temperatures. 

During t h e  test only a por t ion  of 

Because of r a d i a t i o n  t o  
The heated wax keeps t h e  cell  temperature 

These tests have i l l u s t r a t e d  that better photovol ta ic  performance 
can be obtained wi th  a phase change material. However, cur ren t  p r i c e s  
of t h e  waxes make t h e  technique too expensive. 
f u t u r e  p r i c e  reduct ions  (assuming increased product ion) ,  us ing  a phase 
change material would probably only be c o s t  e f f e c t i v e  i n  some of t h e  
remot est app l i ca  t ions.  

Even with  predic ted  

D. ELECTRICAL PERFORMANCE OF DIRTY MODULES 

The module s h o r t - c i r c u i t  cu r ren t  w a s  measured i n  n a t u r a l  sun l igh t  
a t  solar noon f o r  s e v e r a l  ang le s  of incidence obtained by changing the  
tilt  angles  of t h e  module. Figure 5-9 suaaoarizes the measurements for 
clean modules having a f r o n t  su r f ace  of g l a s s  and Sylgard 184. 
the module is c lean ,  t h e  s h o r t - c i r c u i t  cu r ren t  v a r i e s  as the cos ine  of 

When 

I r I 1 I I I I I 45 

# 
Mn TESTDATE 

0 NOWAX 12-14-77 
+ P m A m  12-2-77 
x ElCOfANE 11-14-77 

- 4 0  
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-30 

0" 

- 2 5  3 
5 

I 

I- 

- 2 0  

- 15 

- 10 

Figure 5-8. Cel l  Temperature During Tes ts  with Phase Change Mate r i a l s  
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Figure 5-9. Short-Circuit Current vs Angle of fnctdence 

the incidence angle for both types of modules. 
plot for the Sylgard 184 module illustrating the effect of dirt accum- 
lation. 
2% and constant for angles of incidence up to 60°. 
the degradation is 4.5% at normal incidence and increases almost 
linearly to 11.5% at an angle of incidence of 60° 

Figure 5-10 is a similar 

After one week of dirt accumulation the degradation is about 
After one month 

These tests show that normal incidence measurements of the effect 

In a "sewere" dirt 
of dirt are only representative of "light" dirt accumulation as might be 
expected for modules washed at two-week intervals. 
environment, the degradation is greater than that indicated by the 
normal measurements. 
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SECTION V I  

CONCLUSIONS 

A. PHOTOVOLTAIC MODULE TWER.MIL PERFowwIhlCE 

Figure 6-1 summarizes t h e  NOCT measurements of t h e  vendor-supplied 
modules and i l l u s t r a t e s  t h e  t rend  i n  NOCT. 
c o s t  cons idera t ions  are fo rc ing  t h e  NOCT i n t o  t h e  43OC to  48OC range. 

Care i n  thermal design and 

A good thermal design u t i l i z e s  a t h i n  s u b s t r a t e  with high i n f r a r e d  
emission and l o w  s o l a r  absorpt ion,  and the module has no a i r  voids.  
Very l i t t l e  a d d i t i o n a l  thermal improvement is poss ib le  with the  f l a t  
p l a t e  configurat ion.  
(qNOCT) and the  two parameters whose product r e s u l t s  i n  NOCT. 
i n  Table 6-1, ' 1 ~ 0 ~ ~  is between 0.90 and 0.93 f o r  the Block I1 modules. 
I f  the lowest maximum power c o e f f i c i e n t  (Table 6-1) is combined with the  
minimum temperature d i f f e rence  (NOCT-28"C), then ~ N O C T  is equa l  t o  0.94. 
Because of cos t ,  0.94 probably represents  a p r a c t i c a l  upper limit of 
~ N O C T  obta inable  f o r  the f l a t  p l a t e  configurat ion.  Good t h e m 1  design, 
as t y p i f i e d  by the  Block I1 modules, r e s u l t s  i n  thermal performance 
wi th in  1% and 4% of t h a t  probably obta inable  from the  thermally optimum 
realis t i c  design. 

This is apparent  on examining the NOCT e f f i c i e n c y  
As shown 

8.  OTHER TESTS 

1. Water Cooled Module 

S ign i f i can t  improvement i n  module performance is poss ib l e  by cool- 
i ng  the  module w i t h  water.  However, cooling with water  is not expected 

Table 6-1. NOCT and ~ N O C T  Summary 

Block I1 N O i T  Max Pwr x NOCT qNOCT NO. of Tests 
Module OC Coeff. -28OC Performed 

Sensor Tech 43.0 .00505 15.0 .924 6 

Spec t r o l a b  41.1 .00524 13.1 .931 9 

Solarex 47.0 ,00451 19 .O .914 6 

Solar  Power 46.0 .00546 18.0 .902 2 
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t o  be c o s t  e f f e c t i v e  unless  t h e  app l i ca t ion  a l r eady  involves  pumping of 
t h e  water ( i r r i g a t i o n ,  swimming pools, e t c . ) ,  or unless a grav i ty  water 
feed system is poss ib le .  

2. Combined Photovol ta ic  and Solar  Water Heating Module 

Tests and cos t  estimates i n d i c a t e  that a combined photovol ta ic  and 
s o l a r  water  hea t ing  module might be cos t  e f f e c t i v e  i n  t h e  mid 1980's. 
Sandia is curren t ly  eva lua t ing  s e v e r a l  combined thermal /photovol ta ic  col-  
l e c t o r s .  Both water and a i r  hea t ing  modules a r e  included i n  t h i s  s tudy.  

3. Combined Photovolta€c and Thermal Storage System 

Reducing t h e  module temperature by using a phase change material 
is not c o s t  e f f e c t i v e .  I f  thermal energy s t o r e d  i n  t h e  phase change 
ma te r i a l  is a l s o  u t i l i z e d ,  a combined photovol ta ic  and thermal s t o r a g e  
system may prove t o  be cos t  e f f e c t i v e .  An example of t h i s  combination 
is i l l u s t r a t e d  in Figure 6-2. The concept employs t h e  l igh tweight  s o l a r  
dome developed by Boeing, with p a r a f f i n  wax as t h e  phase change material 
f o r  thermal s torage .  
r e t u r n  a i r  can, on conmrand, be d ive r t ed  to  and heated d i r e c t l y  i n  t h e  
combined photovol ta ic  and thermal s t o r a g e  a rea .  
p ressure  is a l s o  routed through t h e  wax f o r  prehea t ing  p r i o r  t o  e n t e r i n g  
t h e  normal water hea te r .  

Since the  wax is t o t a l l y  contained,  t h e  bu i ld ing  

Water a t  c i t y  l i n e  

Figure 6-1. NOCT Summary 
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A t  the wax melting poin t ,  more energy can be s t o r e d  with about 
14X less wef-ht  than with water. 
b e t t e r  s u i t e d  f o r  roof (apartment and i n d u s t r i a l  bu i ld ings)  and resi- 
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 replaced by g l a s s ,  arid double g l a s s  may be d e s i r a b l e  t o  mini- 
mize night t ime losses .  Optimization of t h i s  concept w i l l  vary with t h e  
appl ica t ion .  However, e l imina t ing  t h e  secondar) loop by p lac ing  the  
thermal s to rage  system i n  t h e  primary water and space hea t ing  loops and 
thus u t i l i z i n g  the  e x i s t i n g  space  hea t ing  fan ,  c i t y  water pressure  and 
e x i s t i n g  a t t i c  o r  roof space w i l l  r e s u l t  i n  l i g h t e r  weight and I n  c o s t  
shvings which make t h e  concept deserving of add i t iona l  study. 

Therefore, t h i s  type of system w i l l  be 

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

Tests of the  e f f e c t  of d i r t  i n d i c a t e  t h a t  "normal incidence'' mea- 
surements are a c t u a l l y  r ep resen ta t ive  of "l ight"  d i r t  accumulation. I n  a 
I t  severe" d i r t  environment, the  degradat ion is g r e a t e r  than t h a t  ind ica ted  
by t h e  normal measurements. 
April-June, 1977, a 6.5% degradat ion based on normal incidence f o r  angles  
of incidence up t o  60". increases  t o  8% when weighted according t o  t h e  
annual energy output as a func t ion  of incidence angle.  

A s  reported i n  the  LSA Quarterly Report of 

BO€ING 
SOLAR DOME 

(NOT TO SCALE) PARAFIN WAX 

Figure 6-2. Combined Photovol ta ic  and Thermal Storage System 
for  Space and Hot Water Heating 
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APPENDIX A 

DETERMINATION OF NOMINAL OPERATING CELL TEMPERATURE 

This appendix provides the  approved procedure f o r  determinat ion of 
solar cel l  module Nominal Operating C e l l  Temperature (NOCT) using na tura 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 is to  acqu i re  s u f f i c i e n t  d a t a  t o  a l low an 
accura t e  determination of t h e  nominal ope ra t ing  temperatures of t h e  
s o l a r  cel ls  of a terrestrial 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 Operating C e l l  Temperature (NOCT) is the 
module ce l l  temperature under ope ra t ing  condi t ions i n  t h e  Nominal 
T e r r e s t r i a l  Environment (NTE) which is defined as: 

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

A i r  Temperature = 2OoC 

Wind Average Velocity = 1 m / s  

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

The NOCT test procedure is based on ga the r ing  a c t u a l  measured c e l l  
emperature d a t a  v i a  thermocouples a t t ached  d i r e c t l y  t o  t h e  cel ls  of 

i n t e r e s t ,  f o r  a range of environmental condi t ions similar t o  t h e  NTE. 
The da ta  are then presented in a way that allows accura t e  and r epea tab le  
i n t e r p o l a t i o n  of t h e  NOCT temperature. 

B. DETEFHINATION OF NOCT 

The temperature of t h e  s o l a r  c e l l  (Tcell) is pr imar i ly  a func t ion  
of t he  a i r  temperature (Tair), t h e  average wind v e l o c i t y  (tf), 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 the  s o l a r  
a r r a y  module. The approach f o r  determining NOCT is based on t h e  f a c t  
t h a t  t h e  temperature d i f f e r e n c e  (Tcell-Tair) is l a r g e l y  independent 
of a i r  temperature and is e s s e n t i a l l y  l i n e a r l y  p ropor t iona 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  assumption is m i t e  
good f o r  insol.ation l e v e l s  g r e a t e r  than about 40 mW/cm2. 
c a l l s  f o r  p l o t t i n g  (Tcell-Tair) aga ins t  t h e  i n s o l a t i o n  l e v e l  f o r  a 
period when wind condi t ions are favorable .  The NOCT value is then 
uetermined by adding Tair = 2OoC t o  the  value of Tcell-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  level of 80 mW/cm2, i.e., NOCT = (Tcell-Tair)1 
NTE + 20°C. 

The procedure 

The p l o t  of (Tcell-Tair) vs L s h a l l  be determined by conducting a 
minimum of two f i e l d  tests i n  which t h e  module being charpcter ized is 
t e s t ed  under terrestr ia l  environmental condi t ions approximating t h e  NTE 
in accordance with t h e  t e s t i n g  guidel ines  which follow. Each test  s h a l l  
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cons ie t  of acqu i r ing  a semicontinuoue record of (Tce l l  - T a i r )  over a 
one- o r  two-day period, t oge the r  w i th  o t h e r  measurements as  required 
t o  c h a r a c t e r i z z  the  terrestrial  environment during t h e  t e s t i n g  period. 
Acceptable d a t a  shall c o n s i s t  of measurements made when the  average 
wind v e l o c i t y  is 1 m / s  f 0.75 m / s  and wi th  g u s t s  less than 4 m / s  f o r  a 
period of 5 minutes p r i o r  t o  and up t o  t h e  time o f  measurement. Local 
a i r  temperature during the  test period s h a l l  be 20% f 15OC. Using only 
acceptable  d a t a  as so defined,  a p l o t  s h a l l  be constructed 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  the  r e l a t i o n s h i p  b tween (Tce l l  - T a i r )  and the  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 2 40 mW/cm f *  . 

When (Tc-11 - Tair) is p l o t t e d  as a funct ion of L f o r  average wind 
v e l o c i t i e s  less than 1.75 m / s ,  results similar t o  those shown i n  
Figure A-1 are obtained. Fo- the  da t a  shown the  l o c a l  a i r  temperature 
was 15.4OC f 4.5% and t h e  wind speed va r i ed  from zero t o  less than 
4 m / s  with an average of 1 m / s .  
the  value of (Tce l l  - "air) a t  NTE is determined by i n t e r p o l a t i n g  t h e  
average value of (Tce11 - T a i r )  f o r  L = 80 mW/cm2 Using t h e  d a t a  i n  
Figure A-1 as an example, (Tc.ll - Tair) a t  NTE is determined t o  be 
22.2%. 

*The two sets of measurements can be combined i n t o  a s i n g l e  set provided 

Using the  p l o t  of ( T c e l l  - Tair) v s  L, 

The prel iminary value of NOCT is  thus  22.2OC + 20% = 42.2'C. 

t h e  average a i r  temperature of t h e  two sets does not  d i f f e r  by more than 
approximately 5OC. I f  t h e  average a i r  temperature 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 as an inc rease  i n  t h e  scatter of t h e  
p l o t t e d  data.  
a less accura t e  r e s u l t  is oossible .  

As a resul t  the  da t a  w i l l  be more d i f f i c u l t  t o  f i t  and 

INTENSIW, aW/amz 

Fietire A-1. TvDical Cell Temoerature Data 
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C ,  A I R  TEMPERATURE AND WIND CORRECTION 

A cor rec t ion  f a c t o r  to t h e  prel iminary NOCT f o r  average a i r  
temperature and wind ve loc i ty  is determined from Figure A-2. 
is added t o  the  preliminary NOCT and c o r r e c t s  t he  d a t a  t o  2OoC and 
1 m/s. 
t h e  t e s t  period. 

This  value 

T a i r  and v are the  average temperature and wind ve loc i ty  f o r  

For the  test da ta  shown i n  Figure A-1, v is 1 m / s  and Tair is  
1 5 . 6 O C .  From Figure A-2 ,  t he  co r rec t ion  f a c t o r  is O°C. The NOCT is  
the re fo re  4 2 . 2 O C .  

I -Pc \ 

AVERAGE AIR TEMPERATURE (ib,,l 

Figure A - 2 .  NOCT Correction Factor 
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D. TEST GEOMETRY 

1. T i l t  Angle 

The plane o f  the  module s h a l l  be posi t ioned so thab i t  is normal 
t o  t h e  sun ( + S o )  a t  s o l a r  noon. 

2. Height 

The bottom edge of t h e  module s h a l l  be 2 f e e t  o r  more above t h e  
hoi : .  m t a l  plane o r  ground level. 

3. Subarray Configuration. 

The module s h a l l  be loca t ed  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 ' )  subarray. Black aluminum panels o r  o t h e r  modules of t h e  
same design s h a l l  be used t o  f i l l  i n  any remaining open area of t h e  
subarray s t r u c t u r e .  The back of t he  subarray s h a l l  be exposed. 

4 .  Surrounding Area 

'Inere s h a l l  bz no obs t ruc t ions  t o  p r e v e i t  f u l l  i r r a d i a n c e  of t he  
module beginning a minimum of hours before  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 w d i n g  the  module s h a l l  not have a 
high 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  and/or s lop ing  away from the  
test  f i x t u r e .  Grass and var i -us  t y p e s  of ground covers,  blacktop,  and 
d i r t  a r e  recommended For t h e  l o c a l  surrounding area .  Buildings having 
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  not be present  i n  t h e  %r ? d i a t e  
v i c i n i t y .  Good engineering judgment s h a l l  be exercised t o  assure t h a t  
t h e  module, f r o n t  and back s i d e s ,  is recei\ . ing 3 minimum of r e f l e c t e d  
s o l a r  energy From the  surrounding a rea .  

5 .  Wind Direct ion 

The wind s h a l l  not  be predominantly from due east o r  from due 
w e s t ;  flow p a r a l l e l  to  t h e  Dlane of t h e  a r r a y  is not acceptable  aiid can 
resu l t  i n  a lower than t y p i c a l  operati:ig c e l l  temperature. 

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

Data s h a l l  be obtained fo r  a module open-r i rcui t  c - ?d i t i on  corres- 
pondinp t o  zero e l e c t r i c a l  power output .  
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E. TEST EQULPltEXT 

1. Pyrammeter 

The total  s o l a r  i r r ad iance  on t h e  a c t i v e  s i d e  of t h e  module s h a l l  
be measured by a pyranometer mounted on t h e  plane of t h e  module and 
wi th in  . 3  m ( 1  foot )  of t h e  a r ray .  
tra:eable annual i b r a t i o n  t o  a recognized s tandard  instrument 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  less than 
+1% devia t ion  i n  s e n s i t i v i t y  over  t he  range -2OOC t o  +40°C, or (2) a 
uni t  which incorporates  a temperature sensor  and has  a sens i t iw i ty -  
temperature co r rec t ion  suppl ied  with its ca l ib ra t ion .  

The pyranooneter used s h a l l  have a 

2. Kind Measurement 

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  
approximate he ight  of t h e  module and as near to  the module as f eas ib l e .  

3. A i r  Temperature 

The l o c a l  a i r  temperature s h a l l  be measured a t  t h e  approximate 
height  of the  module. 
the module and shall be accura te  to  +l0C.  (Note: An average l o c a l  a i r  
temperatcre is desired.  This is obtained s a t i s f a c t o r i l y  by inc reas ing  
t h e  the rna l  mass of t h e  thermocouple by imbedding t h e  thermocouple i n  a 
so lder  sphere of approximately 1/4-ir.ch diameter.) 
must be appropr ia te ly  sh ie lded  and vented. 

The measurement shall be made i n  t h e  shadow of 

The measurement 

4. Cell Temperature 

The temperatwe of a t  least two r ep resen ta t ive  i n t e r i o r  s o l a r  c e l l s  
s h a l l  be measured t o  +l0C. 
be sof t -soldered d i r e c t l y  t o  t h e  back of t h e  cel ls .  

Thermocouples s h a l l  be 36 gauge, and s h a l l  

5. Subs t ra te  Surface Temperature 

The e x t e r i o r  temperature of t h e  rear of the  s o l a r  module sh -11  be 

Thermcouples  s h a l l  be 26 gauge, 
measured t o  +l0C beneath a r ep resen ta t ive  c e l l  and when p r a c t i c a l  beneath 
a representa t ive  space between cel ls .  
m d  sha l l  be bonded down with Eccobond 57C epoxy o r  t he  equiva len t .  

F. DATA RECORDING 

A l l  da ta  s h a l l  be gr in ted  out  approximately every 2 m i n u t e s .  
addirio,i ,  sclar i n t e n s i t y ,  wind speed ,  wind d i r e c t i o n ,  and a i r  tempern- 
t u re  s h a l l  be continuously recorded. 

In  
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The a c t i v e  s i d e  of t h e  solar ce l l  module and t h e  py ranomte r  bulb 
shall be cleaned before  t h e  start of each test. D i r t  s h a l l  no t  be 
allowed t o  bu i ld  up. 
rinse wi th  d i s t i l l e d  water has proven t o  be e f f e c t i v e .  

Cleaning wi th  a mild soap s o l u t i o n  followed by a 

H. EQUIPMENT CALIBRATION 

A c a l i b r a t i o n  check s h a l l  be made of a l l  t h e  equipment p r i o r  to 
the  s t a r t  of t h e  test. 

I. TEST DESCRIPTION 

The test d e s c r i p t i o n  form i l l u s t r a t e d  in Figure A-3 s h a l l  be 
completed before  t h e  s t a r t  of t h e  test. 

J. AUTOMATION 

Once i n i t i a t e d ,  t h e  da t a  may be co l l ec t ed  au tomat ica l ly .  However, 
t h e  equipment s h a l l  be  checked once every hour. 

TEST DESCRIPTION 

Title: NATURAL SlJNLlCdT THERMAL PERFORMANCE TEST 

Article: Serial No. 

Location: 

Latitude: 

Elevation : 

Date: 

Cleaning ABent Used: 

Tilt Angle: Actual Desired 

Equipment Calibration Complete 

Solar Noun Optical Air Mass 

Name: Est: 

-- L ~ininicnts: I 

Figure A-3. Test Descript ion Form 


