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ABSTRACT 

The r e t e n t i o n  of p a r t i c u l a t e  contaminat ion on t h e  s u r f a c e  of f l a t - p l a t e  
photovol ta ic  devices  is adverse ly  a f f e c t i n g  e l e c t r i c a l  performance o f  
outdoor-exposed modules. This r e p o r t  desc r ibes  t h e  r e s u l t s  of an experimental  
s t u d y  being performed by the  Jet Propuls ion Labora tory ' s  Low-Cost So la r  Array 
P r o j e c t  t o  c h a r a c t e r i z e  and understand t h e  e f f e c t s  of outdoor contaminants on 
s e n s i t i v e  o p t i c a l  s u r f a c e s  of f l a t - p l a t e  pho tovo l t a i c  modules and cover 
ma te r i a l s .  

Comparative e l e c t r i c a l  and o p t i c a l  performance da ta  from pho tovo l t a i c  
modules and l a a t e r i a l s  sub jec t ed  t o  outdoor exposure a t  f i e l d  test s i tes  
throughout t he  United S t a t e s  have been c o l l e c t e d  and examined. 
show s i g n i f i c a n t  time- and site-dependence. During pe r iods  when n a t u r a l  
removal processes  dc not dominate, t he  rate of p a r t i c u l a t e  contaminat ion 
accumulation appears t o  be l a r g e l y  mater ia l - independent .  The e f f e c t i v e n e s s  of 
n a t u r a l  removal processes ,  e s p e c i a l l y  r a i n ,  is s t r o n g l y  material-dependent. 
Glass and a c r y l i c  top-cover m a t e r i a l s  r e t a i n  fewer p a r t i c l e s  than  s i l i c o n e  
rubber  does. Side-by-side outdoor exposure t e s t i n g  f o r  long d u r a t i o n  is 
p r e s e n t l y  the  most e f f e c t i v e  means of eva lua t ing  s o i l i n g  d i f f e r e n c e s  between 
ma te r i a l s .  Changes i n  s p e c t r a l  t ransmiss ion  as a func t ion  of t i m e  and 
l o c a t i o n  and l imi t ed  s c a t t e r i n g  d a t a  a r e  presented .  

The r e s u l t s  

i i i  
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SECTION I 

INTRODUCTION 

As p a r t  of  t he  n a t i o n a l  Photovol ta ic  Energy Systems Program, f l a t - p l a t e  
photovol ta ic  modules have been exposed t o  outdoor weather ing environments a t  
s e v e r a l  d i f f e r e n t  a p p l i c a t i o n  and test sites throughout t h e  country dur ing  the  
l a s t  four  years .  One of t h e  most s i g n i f i c a n t  causes  of e l e c t r i c a l  performance 
degrada t ion  during t h a t  exposure has  been t h e  s o i l i n g  of  o p t i c a l  s u r f a c e s  by 
a i r b o r n e  p a r t i c u l a t e  matter, which causes  s i g n i f i c a n t  o p t i c a l  l o s s  by 
absorbing and s c a t t e r i n g  inc iden t  l i g h t .  Performance degrada t ion  up to 60% 
has beep reported a t  some outdoor si tes i n  the  United states (Reference 1).  
S o i l i n g  is the  most pronounced cause,  but it is not t h e  only  mechanism t h a t  
can cause e l e c t r i c a l  performance l o s s  r e s u l t i n g  from the  d i s r u p t i o n  of  t he  
l i g h t  path t o  t h e  s o l a r  c e l l s .  Other  mechanisms t h a t  may c o n t r i b u t e  to  
opt ica l -pa th  degrada t ion  through t h e  module encapsulant  include:  abso rp t ion  
of s o l a r  u l t r a v i o l e t  r a d i a t i o n ,  adsorp t ion  of mois ture ,  temperature  rises or 
temperature cyc l ing ,  ox ida t ion ,  chemical r e a c t i o n  wi th  p o l l u t a n t s ,  i n t e r a c t i o e  
o f  t h e  cover with dus t  p a r t i c l e s ,  or two o r  more of  these  weather ing elements  
a c t i n g  s y n e r g i s t i c a l l y .  An ear l ie r  t a sk  r epor t  by A. Gupta (Reference 2 )  has  
addressed t h e  photodegradation of  encapsulant  materials, which may be caused 
by solar UV a c t i n g  a lone  ( p h o t o l y s i s ) ,  s o l a r  UV and oxygen a c t i n g  toge the r  
(photooxidat ion) ,  or s o l a r  W and misture  a c t i n g  toge the r  (photohydrolys is ) .  

This  r epor t  covers  module-soil ing i n v e s t i g a t i o n s  performed between May 
1978 and October 1980 by the  Engineering Area o f  t he  Low-Cost S o l a r  Array 
P r o j e c t  (LSA) o f  t h e  Jet Propuls ion Laboratory (JPL), w i th  the  coopera t ion  o f  
LSA's Operat ions Area and Encapsulat ion Task, Technology Development Area. 
The i n v e s t i g a t i o n s ,  which are ongoing, have the  fol lowing ob jec t ives :  

(1)  Compile a data base from field-exposed modules and materials. 

( 2 )  I d e n t i f y  key phys ica l  p r o p e r t i e s  o f  o p t i c a l  materials t h a t  govern 
s o i l  r e t e n t i o n .  

( 3 )  Develop t e c h n i c a l l y  sound tes t  methods €or eva lua t ion  of 
encapsulant  mater i a  1 s . 

( 4 )  Develop s i m p l e  labora tory  tests f o r  e s t ima t ing  t h e  s o i l i n g  
a f f i n i t i e s  of  var ious  o p t i c a l  su r f ace  m a t e r i a l s .  

( 5 )  Se t  pre l iminary  g u i d e l i n e s  f o r  s e l e c t i o n  of  materials t o  be exposed 
t o  d i r t  o r  dus t  o r  both.  

This repor t  desc r ibes  the  r e s u l t s  of those e f f o r t s  t o  d a t e  and provides  a 
re ference  source of a v a i l a b l e  experimental  da t a .  

1 





SECTION I1 

FIELD SOILING EXPERIMENTS: DESCRIPTION AND RESULTS 

A. MODULE FfETS DATA 

Since 1976 t h r e e  o rgan iza t ions  i n  t h e  photovol ta ic  program (NASA Lewis  
Research Center,  Massachusetts I n s t i t u t e  o f  Technology Lincoln Laboratory,  and 
t h e  Jet Propuls ion Laboratory)  have placed f l a t - p l a t e  modules i n  outdoor 
exposure s i tes  throughout t h e  country.  SGme r e s u l t s  of  those  f i e l d  
experiments have been published (References 3 through 7). 
r e p o r t s  were t a b u l a t i o n s  of t h e  e f f e c t s  o f  d i r t  on t h e  e lec t r ica l  performance 
o f  t he  modules. 
da ra  ( i . e . ,  development o f  a da t a  base )  were i n i t i a l  e f f o r t s  i n  t h e s e  
inves t iga t ions .  The source  materials f o r  t h e  da t a  base were t h e  re ferenced  
r e p o r t s  and a d d i t i o n a l  information obtained d i r e c t l y  from cognizant  personnel .  

Included i n  these  

The compilat ion and a n a l y s i s  of  e x i s t i n g  pho tovo l t a i c  s o i l i n g  

Since the  s o i l i n g  d a t a  were obtained from d i f f e r e n t  o rgan iza t ions  with 
va r ious  performance measurement and r e p o r t i n g  techniques,  t h e  information had 
to  be analyzed c a r e f u l l y  so t h a t  meaningful comparisons and i n t e r p r e t a t i o n s  
could be made. S p e c i f i c a l l y ,  compilat ion d i f f i c u l t i z a  r e s u l t e d  from 
d i f f e r e n c e s  i n  t h e  accuracy of performance measurements and d i f f e r e n c e s  i n  
s o i l i n g  degradat ion c a l c u l a t i o n s  and r e p o r t i n g  methods. 
measure e lectr ical  performance degrada t ion  of  a photovol ta ic  module is t o  
o b t a i n  current-vol tage (I-V) curves and compare the  e lec t r ica l  c h a r a c t e r i s t i c s ,  
e.g., maximum power (Pmax>, s h o r t - c i r c u i t  c u r r e n t  ( I s c ) ,  open-circui t  
vo l t age  (Voc), f i l l  f a c t o r ,  e r c .  with previous condi t ions .  
methods commonly used t o  o b t a i n  I-V curves on f l a t - p l a t e  modules: i r r a d i a t i o n  
bv s o l a r  s imula t ion ,  s p e c i f i c a l l y  large-area pulsed s o l a r  s imula to r s  (LAPSS), 
and i r r a d i a t i o n  by n a t u r a l  s u n l i g h t .  The ma jo r i ty  of  t h e  module s o i l i n g  d a t a  
u t i l i z e d  i n  t h i s  r e p o r t  is  based on I-V curves  obtained using s o l a r  
s imulat  ion.  

The technique used t o  

There are two 

Performance degrada t ion  due t o  s o i l i n g  i s  t y p i c a l l y  repor ted  as  a 
percentage of change from a p r i o r  cond i t ion .  For example, f o r  a r r a y  subsystem 
performance eva lua t ion  t h e  percentage of change i n  Pmax from t h e  i n i t i a l  
cond i t ion  ( i .e . ,  before  deployment) t o  t h a t  s eve ra l  months a f t e r  deployment i s  
f r equen t ly  repor ted .  Some i n v e s t i g a t o r s  (References 4 through 6 )  p r e f e r  t o  
r e p o r t  t h e  percentage of change in  Pmax o r  i n  I,, between pre-cleaning and 
post-cleaning condi t ions .  
o rgan iza t ions  are: 

Typical  c leaning  procedures used by these  

( 1 )  NASA L e w i s  Research Center:  

A s o l u t i o n  of Alconox-Tide is prepared and is appl ied  with a ocrub 
c l o t h ;  t h i s  is followed by l i g h t  hand scrubbing u n t i l  t h e  sc rub  
c lo th  appears  c lean.  
and then d r i e d  . The modirles are r in sed  w e l l  wi th  t a p  water 
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MITILincoln Laboratory: 

A s o l u t i o n  of  Alconox is  prepared arid is appl ied  with a sponge o r  a 
washcloth. (At the  Mead NB s i t e  i t  is app l i ed  wi th  a s o f t  b r i s t l e  
brush,  which is followed by l i g h t  hand scrubbing , )  The modules are 
r i n s e d  wi th  t a p  water, us ing  a hose. A squeegee is used f o r  drying.  

Jet Propuls ion Laboratory: 

Modules are thoroughly r in sed  with t a p  water. A c leaning  s o l u t i o n  
of  Frankl in  Formula 707 heavy duty  water-based degreaser  (62 .25  cc 
pe r  l i t e r  of  water) is appl ied  with a sponge. 
modules a bug sponge i s  used. 
d r i e d  with a squeegee and thoroughly wiped with a chamois. Modules 
a t  t he  JPL s i t e  are washed weekly. Modules a t  t he  o t h e r  s i tes  a r e  
washed a t  t h e  time of  phys ica l  and e l e c t r i c a l  inspec t ion .  

For badly s o i l e d  
The modules are  then r i n s e d  and 

With c e r t a i n  types of materials (e.g. s i l i c o n e  rubbe r s ) ,  d i s t i n g u i s h i n g  
among removable d i r t ,  permanently adhered d i r t ,  and uater ia l  obscura t ion  
because of aging is not n e c e s s a r i l y  s t r a igh t fo rward .  
development of the  fol lowing express ions  for c a l c u l a t i n g  the  percentage change 
i n  Isc: 

X T o t a l  I,, change before  c leaning  

This  has  led  to  t h e  

Isc DIRTY - Isc INITIAL 
0 ( 100) INITIAL 

I S C  

X Tota l  nonrecoverable Is, change a f t e r  c leaning  

Isc CLEAN - Isc I N I T I A L  
e (100) INITIAL 

I S C  

% I,, change by c leaning  

Isc CLEAN - Isc D I R T Y  
5 (100) CLEAN 

I S C  

Analogous express ions  f o r  maximum power can be obtained by changing I,, 
t o  Pmax i n  these  equat ions .  

I,, is probably more use fu l  i n  c h a r a c t e r i z i n g  s o i l i n g  than i s  Pmax 
because I,, is known t o  be l i n e a r  with i l l umina t ion  ( f o r  s i n g l e - c r y s t a l  
s i l i c o n  c e l l s ) .  I,? is a l s o  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature and c e l l  
e l e c t r i c a l  degradat ion a s soc ia t ed  with series r e s i s t a n c e  changes, i n  marked 
c o n t r a s t  t o  Pmx,  which is a s t rong  func t ion  of both.  
s e n s i t i v e  t o  c e l l  aging and measurement condi t ioi is .  
i l l umina t ion  of  t h e  c e l l s  by absorp t ion  and s c a t t e r i n g  of inc ident  l i g h t ,  
Is, can be used a s  a d i r e c t  measure of s o i l i n g  of l i n e a r  s o l a r  c e l l s ,  
e s p e c i a l l y  when r epor t ing  changes between pre-  ard post-cleaning.  

This  makes Is, less 
Since s o i l i n g  a f f e c t s  t h e  

4 



The percentage changes i n  Pmax and Is, f o r  var ioue  modules a t  va r ious  
s i t e s  throughout t he  count ry  a r e  given i n  Appendix A. 
t h e  tabula ted  da ta  and of F igures  1 and 2 ,  t he  fol lowing obse rva t ions  are made: 

From the  examination of 

Performance Degradation 

Typical  average shor t - te rm e l e c t r i c a l  performance degrada t ion  of  6 
t o  7% per  month has  been observed dur ing  r a in - f r ae  pe r iods  i n  
Pasadena CA, independent of su r f ace  materials (F igure  1). Over 
long pe r iods  (about  6 mol the  ne t  accumulation, inc luding  e f f e c t s  
of n a t u r a l  removal, r e s u l t s  i n  measured degradat ion ranging from 2% 
€or  g lass -sur faced  modules i n  Arizona t o  60% f o r  s i l i cone - su r faced  
modules i n  h igh-pol lu t ion  c i t y  l o c a t i o n s  (Cleveland and New York C i ty ) .  

Environmental Fac to r s  

Contamination e f f e c t s  on performance appear ro be s t r o n g l y  
dependent on l o c a l  environmental  f a c t o r s .  S i g n i f i c a n t  d i f f e r e n c e s  
i n  e f f e c t s  are observed a t  s i tes  separa ted  by only  a f eu  miles  
(Cleveland) ,  p r imar i ly  due t o  l o c a l  p o l l u t i o n  sources  (one s i t e  was 
near  a s tee l  m i l l ) .  Although t h e  e f f e c t  is  not  as pronounced, 
modules i n  lower Manhattan a t  New York Univers i ty  appear t o  
exper ience  g r e a t e r  performance degrada t ion  than do those i n  upper 
Manhattan, a t  Columbia Univers i ty .  Remote mountain s i t e s ,  such as 
?It. Washington NH and Mines Peak CO, as expected,  seem t o  have 
r e l a t i v e l y  dus t-f ree environment s . S i t e s  t h a t  have cons i d e r a b l e  
p r e c i p i t a t i o n  throughout t he  year - - resu l t ing  i n  pe r iod ic  n a t u r a l  
c l ean ing  of  surfaces--do not experience a s  g r e a t  a performance loss 
a s  do those with less - f requent  za ins .  S t ronger  bonds seem t o  be 
formed between p a r t i c l e s  and s i l icone- rubber  module su r faces  a t  
s i t e s  with high humidity,  such as Cleveland and Puer to  Rico, than 
a t  s i tes  with l o w  humidity (Phoenix).  This is  manifested i n  
r e l a t i v e  d i f f e r e n c e s  i n  e l e c t r i c a l  c h a r a c t e r i s t i c s  i n  t h e  t o t a l  
non-recoverable post-cleaning columns i n  Appendix A. 

Local cond i t ions  t h a t  are l i k e l y  t o  a f f e c t  o p t i c a l  l o s s e s  inc lude  
a t  l e a s t  some of t h e  fol lowing f a c t o r s  ( t h e r e  may be o t h e r s ) :  

( a )  Local a i rbo rne  p a r t i c u l a t e  matter, inc luding  quan t i ty ,  
molecular spec ie s ,  o p t i c a l  p r o p e r t i e s  (absorp t ion  c o e f f i c i e n t  
and r e f r a c t i v e  index) ,  p a r t i c l e  s i z e  and shape, and adhesion 
p r o p e r t i e s  (chemical and phys ica l  adso rp t ion ) .  

(b) Local meteorology, inc luding  type,  frequency, and q u a n t i t y  of 
p r e c i p i t a t i o c ;  humidity and dew cyc les ,  wind, temperature 
cyc les ,  and ocean in f luence  ( s a l t  n u c l e i ) .  

( c )  SimulLaneous o r  cequent i a l  occurrences of  va r ious  
combinations of p o l l u t a n t  and meteoro logica l  f a c t o r s .  

To ob ta in  a q u a l i t a t i v e  i n d i c a t i o n  of  t he  e f f e c t s  of i n t e r a c t i o n  of 
c l ima te ,  p o l l u t i o n ,  and module top-cover m a t e r i a l ,  Is, da t a  from 
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c ,  I . 
Figure 1.  Electrical  Performance Degradation of Modules During 

Rain-Free Periods i n  Pasadena CA (1978)  

45 - I I I I I I 1 1 

RAINY SEASON RAINY SEASON / 

Figure 2. Module Soiling Without Cleaning: Peeadem, CA 
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modules exposed f o r  extended du ra t ions  were normalized t o  a 
one-month exposure and then ordered as shown i n  Table  1. 
abundance of p i rborne  contaminants ( e s p e c i a l l y  p a r t i c u l a t e s  and 
o i l y  a e r o s o l & )  inc reases ,  t h e  s o f t e r  t op  cove: materials, such as  
s i l i c o n e  rubber,  appear t o  r e t a i n  d i r t  mre t i g h t l y .  This type Of 
q v a ' i t a t i v e  assessment sugges ts  t h a t  low-soiling s u r f a c e s  should be 
hard, hydrophobic and oleophobic (i.e.,  l ack ing  a f f i n i t y  f o r  water 
and o i l s ) .  Pos tu la ted  mechanisms f o r  s u r f a c e  s o i l i n g  t h e t  is 
r e s i s t a n t  t o  n a t u r a l  removal (by wind and r a i n ,  e t c . )  are descr ibed  
i n  References 8 and 9 .  

As t h e  

( 3 )  Load 

From the  analyzed d a t a ,  no conclusion could be drawn whether 
e l e c t r i c a l  load in f luences  rate of accumulation. It is specula ted  
t h a t ,  because of t he  r e l a t i v e  low e l e c t r i c a l  f i e l d s  induced by t h e  
modules i n  t h e i r  immediate surroundings,  l a rge  d i f f e r e n c e s  In r a t e s  
of accumulation on modules, whether open-circui ted o r  loaded, are 
un l ike ly .  An i n v e s t i g a t i o n  is i n  prog e s s  t o  determine i f  h igh  

Table 1. Rela t ionship  of t h e  Cl imato logica l -Pol lu t ion  C l a s s i f i c a t i o n  
of Various F ie ld  S i t e s  t o  t h e  Performance of F l a t - P l a t e  
Modules Fabricated With D i f f e r e n t  Top Covers 

Fie ld  Si te0  

c o o t a i l u n t o ,  C l i u t o l o d i c a l  
m d  nS)o C l a s r i f i c a t i o o  

(rncrcaalag O i l .  
s o f t  SL 1 icone 

Pol l u t  i on ltrv 615 Sylg 184 Coat C-aa r  
S l l i c o n  E l a s t m e r a  Ward 

( 0 l oc reas ing  r u r f a c e  hardness)  C I a s r r f r c a t i m  

ut. Washington, 
w Dfb: h m d  u c r o t h e r r c l .  

h u u d  con t inen ta l  
(cool s e e r )  r i c h  
m d r y  seacon 

R m t e  

So. F l o r i d a  

Phoenix. A2 
v i c i n i t y  

Head, RE 

Au: tropical savanna. Rural. near-urban 
more r a i n  i n  r u e r  
than I n  winter  

BUh: Dry rlimte, 
d e s e r t ,  t rop ica l -  
aubtropical steppe 

Rural 

Daf:  HI .rd u c r o t h c r u l .  Rur.1. agr~cultural 
h m ' d  con t inen ta l  
( v r i  s w r )  v t t h  
no dry season 

F t .  Belmir.  VA C a r :  ::"ad aub t rop ica l ,  
m d r y  s e a a m  

Pura I 

Cleveland. al 
m a r  a i r p o r t  Daf Suburbm. c a c r c i a l  

Obf Suburban, r-rci.1 W r i d g r .  t ' 

Paardenr. CA Ca: h i i d  Y s o t h * ~ I ,  Suburban. r e s i d e n t i a l  
dry a y I c r .  aub- 
t rop ica l  

Urban, c a e r c l a l  t&u York Ci ty  h f  

Cleveland. ai 
w a r  ateel m i 1 1  Urban. c-rcIaI Daf 

~ 

0 0 

- 0  - 0  - 0  - 0  

I*  0 0 le 

1 

I 

2 3 2 1 

2 . 5  2 . 5  2 I 

2Q IC k I. 

k be k J 

*Bared on Ref. 10 
e - e a t u a t r d  
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vo l t ages  r e s u l t i n g  from long series s t r i n g s  f o r  grid-power 
genera t ion  a f f e c t s  t he  rate of accumulation of d i r t  on t h e  
modules. Three minimodules from each of four  manufacturers  a r e  
used i n  t h e  experiment.  
r e l a t i v e  t o  ground, t he  second from each manufac t . re r  has -15-0 V, 
and t h e  t h i r d  from each has  no appl ied  vol tage.  P l o t s  showing 
changes i n  Is, a s  a func t ion  o f  t i m e  f o r  t h e  t h r e e  minimodules 
from each manufact-irer are g iven  i r l  F igure  2. Applied vol tage  
e f f e c t s  are ind ica t ed  by the  e r r o r  bars .  The modules have not been 
a r t i f i c i a l l y  c leaned dur ing  the  test per iod .  Recent observa t ions  
on d i f f e r e n c e s  i n  rates of d i r t  accumulation, as measured by 
Isc, on modules and material samples subjec ted  t o  high vo l t age  
f o r  more than one year are i n d i c a t i n g  t rends  t h a t  suggest  dependence. 

One each has  an appl ied  vo l t age  of +1500 V 

B. MATERIALS FIELD DATA 

I n  add i t ion  t o  t h e  s t u d i e s  of outdoor s o i l i n g  of modules, a s e r i e s  of 
experiments exposing material samples (candida te  encapsulants  and t o p  cove r s )  
t o  outdoor environments has  been performed as  a JPL  in-house e f f o r t  and by 
c o n t r a c t o r s  f o r  LSA's Encapsulat ion Task (References 10 and 11). The 
ob jec t ives  of  these experimental  e f f o r t s  are t o  determine d i f f e r e n c e s  i n  r a t e s  
of  accumulation and i n  degree of s e l f - c l ean ing  by n a t u r a l  causes .  

The materials exposure i n v e s t i g a t i o n s  developed i n t o  two sepa ra t e  t i m e  
phases.  The Phase I i n v e s t i g a t i o n  was made from May 1, 1978, t o  Apr i l  30, 
1979, snd is repor ted  here .  The Phase 11 i n v e s t i g a t i o n  s t a r t e d  May 1, 1979, 
an8 is cont inuing.  I ts  pre l iminary  resu l t s  a r e  a l s o  repor ted  here .  

The s p e c i f i c  o b j e c t i v e s  of t he  Phase I materials i n v e s t i g a t i o n s  were: 

(1) To develop a da t a  base from field-exposed m a t e r i a l s  a t  nearby s i t e s .  

( 2 )  To i d e n t i f y  phys ica l  p r o p e r t i e s  of o p t i c a l  ma te r i a l s  t h a t  govern 
soil  r e t en t ion .  

( 3 )  To i d e n t i f y  key t.rivironm:i.tal fuc:ois t h a t  govern s o i l i n g  l e v e l s .  

The s p e c i f i c  o b j e c t i v e s  of t h e  Phase I1 materials i n v e s t i g a t i o n s  a re :  

(1)  To deploy m a t e r i a l s  f o r  outdoor exposure a t  s eve ra l  s i t e s  
throughout the  country.  

( 2 )  To develop sound tes t  methods f o r  eva lua t ion  of encapsulant  ma;erials.  

( 3 )  To a s s e s s  d u s t  spec ie s ,  p r o p e r t i e s  an3 accumulation a t  va r ious  s i tes .  

( 4 )  To develop understanding of  s o i l i n g  mechanisms ( r e t e n t i o n ) .  

( 5 )  To support  the development of pre l iminary  gu ide l ines  f o r  s e l e c t i o n  
of ma te r i a l s  exposed t o  d i r t  o r  dust  or both.  

A s  p a r t  of Phase I ,  an outdoor experiment was performed by J P L  w i t h  t he  
cooperat ion of the South Coast A i r  Qual i ty  Management D i s t r i c t  (SCAQMD), a 
four-county s p e c i a l  d i s t r i c t  c r ea t ed  by the  s t a t e  of  Ca l i fo rn ia .  The experiment 
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cons is ted  o f  p lac ing  material samples a t  an SCAQMD a i r - q u a l i t y  m n i t o r i n g  site 
i n  Pasadena CA, c l o s e  t o  the  monitor ing equipment (Figure 3). Material samples 
5 x 5 an were placed on f ixed  rack  a t  a t i l t  of 450. The materials included 
i n  t h e  s tudy  were s i l i c o n e  rubber  (RTV 6151, soda-lime g l a s s ,  and P lex ig l a s .  
P e r i o d i c a l l y  dur ing  t h e  one-year experiment, from Apr i l  1978 through A p r i l  
1979, mate r i a l  samples were r e t r i e v e d  from t h e  s i te  and r e tu rned  t o  t h e  
l abora to ry  fo r  eva lua t ion  of o p t i c a l  t ransmiss ion .  
t h i s  measurement had been s p e c i a l l y  designed f o r  t h e  purpose; i t  is p i c t u r e d  
i n  Figure 4. Two matched s o l a r  c e l l s  are i l lumina ted  by a beam s p l i t t e r  from 
a poin t  source. A c o n t r o l  sample is placed over one of t h e  s o l a r  c e l i s  and 
the  exposed sample over t h e  o ther .  The r a t i o  of Is, measurements is then 
recoraed. This r a t i o  is r e f e r r e d  t o  as t h e  r e l a t i v e  normal hemispher ica l  
t ransmi t tance  (RNHT). 
measurements t o  be made qu ick ly  and wi th  good r e 2 e a t a b i l i t y .  Comparisons of 
t hese  measurements with more s o p h i s t i c a t e d  t ransmiss ion  techniques  are being 
performed i n  t h e  Phase I1 i n v e s t i g a t i o n s .  

The appara tus  used t o  make 

This appara tus  permi ts  relative o p t i c a l  t ransmiss ion  

The r e s u l t s  from t h i s  s tudy  f o r  s i l i c o n e  rubber,  glass, and P l e x i g l a s  a r e  
During the  f i r s t  month and a ha l f  t h e  rate of s o i l  accumu- 

The d i p  a t  82 days ceuld  not  be  explained by any meteoro- 

shown i n  Figure 5 .  
l a t i o n  on a l l  ma te r i a l s  a s  measured by t h e  loss of r e l a t i v e  t r ansmi t t ance  was 
about 7% p e r  month. 
l o g i c a l  phenomenon, a l though fog and poss ib l e  condensation could have caused 
some c leaning .  However, a f t e r  t h e  f i r s t  s i g n i f i c a n t  r a i n  of t h e  Southern 
C a l i f o r n i a  r a iny  season t h e  P l e x i g l a s  and g l a s s  samples were more e x t e n s i v e l y  
cleaned than was t h e  s i l i c o n e  rubber.  
obscura t ion  on a l l  ma te r i a l s  increased  u n t i l  another  r a i n  occurred. This  
p a t t e r n  cont inued throughout t h e  sampling per iod .  The conclus ions  drawn from 
t h i s  experiment inc lude  t h e  following: 

D i r t  began to accumulate and t h e  

(1)  The r a t e  of s o i l  depos i t i on  is mater ia l - independent ;  t h e  
e f f e c t i v e n e s s  of n a t u r a l  removal by r a i n  is mater ia l -dependent .  

( 2 )  Average lo s ses  i n  r e l a t i v e  t r ansmi t t ance  over a one-year pe r iod  
were 16% fo r  s i l i c o n e  rubber,  and 7% t o  8% f o r  g l a s s  and P l e x i g i a s .  

( 3 )  I f  exposed m a t e r i a l s  a r e  heav i ly  s o i l e d ,  r a i n  can cause improvements 
i n  transmission of 10% to  15% f o r  g l a s s  and P l e x i g l a s  and 5% f o r  
s i l i c o n e  rubber. 

An a d d i t i o n a l  o b j e c t i v e  of t h i s  study with t h e  SCAQMD w a s  t o  determine 
the f e a s i b i l i t y  o f  c o r r e l a t i n g  d a t a  on dus t  accumulation on o p t i c a l  s u r f a c e s  
with da t a  from high-volumetric p a r t i c u l a t e - m a t t e r  mea-urement equipment 
operated by SCAQMD. I f  c o r r e l a t i o n  could be e s t a b l i s h e d  and a d i r t  accumu- 
l a t i o n  a lgor i thm developed, t he re  is a weal th  of da t a  a v a i l a b l e  from t h e  
f ede ra l  Environmental P r o t e c t i o n  Agency ( f o r  example, t h e  newly e s t a b l i s h e d  
Inha lab le  P a r t i c u l a t e  Network) and from l o c a l  conmunities t h a t  would permit an 
eva lua t ion  of s i t e  dus t  a c c m l a t i o n s .  Based on a pre l iminary  a n a l y s i s ,  t h e r e  
i s  some promise of f e a s i b i l i t y ,  but much more da t a  from many s i tes  would have 
t o  be examined and appropr i a t e  algorithms developed. 

I t  should be emphasized t h a t  t h e  conclusions drawn from t h e  Phase I 
i n v e s t i g a t i o n s  a r e  r e l a t e d  t o  the d a t a  obta ined  a t  t h e  Pasadena SCAQMD s i t e ;  
ex tens ion  of these conclusions t o  any o t h e r  s i t e s  would be premature. 
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Figure 5. Rela t ive  Transmit tance of Matayials  a t  S C A W  S i t e ,  Pasadena 

It was t h i s  l i m i t a t i o n  t h a t  led t o  t h e  Phase I1 i n v e s t i g a t i o n s .  As shown 
It became obvious above, t h e  Phase I1 proRram o b j e c t i v e s  were v e r y  ambitious.  

t h a t  i f  any sense were t o  be made of t h e  o v e r a l l  s o i l i n g  i n v e s t i g a t i o n ,  a 
nationwide outdoor exposure program must be e s t a b l i s % e d ,  w i th  a t t e n d a n t  
geographica l  cons ide ra t ions .  It would be necessary t o  select cover m a t e r i a l s  
?ha t  have been used as covers  or a s  encepsulan ts ,  or both,  i n  t h e  Block I and 
Block I1 module purchases  and t o  s e l e c t  o t h e r s  i n  an attempt t o  a n t i c i p a t e  
ataterials t h a t  may be considexed for f u t u r e  module purchases  or tha t  may 
remain i n  use u n t i l  t h e  end of t h e  program. 
mind, t h e  Phase 11 program was i n i t i a t e d .  

With these  cons ide ra t ions  i n  

The m a t e r i a l s  considered for placement i n  t h e  outdoor exposure network 
are shown i n  Table  2. 

Table 2. Phase I1 Outdoor Exposure Mate r i a l s  

MATERIAL 

Poly (dimethyl s i l oxane )  

P ropr i e t a ry  S i l i c o n e  

Soda Lime F loa t  Glass 

B o r o s i l i c a t e  Glass 

Alumina S i l i c a t e  Glass 

Po 1 yv i ny 1 F J uor i d e  

Ac r y 1 i c 

MANUFACTURER 

General E l e c t r i c  

Dow Corning 

Ford Motor Glass Div. 

Corning Glass 

Corning Glass 

Dupcnt 

Xcel Corp. 

TYPE 
RTV 615 

41-25 77 

1/8 inch 
Window Glass 

7070 

0317 

Ted l a  r 
400 x RS160SE 

Korad 212 
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Outdoor exposure loca t ions  used during the  Phase I1 i nves t  i l j a t ions  were: 

JPL, Pasadena CA 
Table Mountain, Wrightwood CA 
Goldstone Tracking S t a t i o n ,  Barstow CA 
Pt .  Vicente (U.S. Coast Guard S t a t i o n ) ,  Pa los  Verdes CA 
South C o a s t  A i r  Qual i ty  Management D i s t r i c t  F a c i l i t y ,  Pasadena CA 
South Coast A i r  Qual i ty  Management D i s t r i c t  F a c i l i t y ,  Torrance CA 
New York Univers i ty ,  New York NY 
Massachusetts I n s t i t u t e  of Technology, Cambridge MA 
Sandia Labora tor ies ,  Albuquerque NM 
Battelle P a c i f i c  Northwest Labora tor ies ,  Richland WA. 

I n  order  t o  prevent the  inf luence  of any f a c t o r s  o t h e r  than environmental  
ac t ion  upon t h e  outdoor m a t e r i a l s ,  a s p e c i a l  test rack w a s  cons t ruc ted  and 
deployed (with m a t e r i a l s )  a t  a l l  outdoor exposure sites. 
cons t ruc ted  of No. 316 s t a i n l e s s  steel and was coated with Cat-a-Lac black 
epoxy, a h i g h - q u a l i t y  aerospace ( f l i g h t  q u a l i t y )  b lack  p a i n t .  
the  a l l  s t a i n l e s s - s t e e l  cons t ruc t ion  hardware used, r a i n  channels were 
incorporated between rows of materials samples t o  prevent d r a i n i n g  of 
n a t u r a l l y  removed (washed away) d i r t  over lower samples. The s u r f a c e  of the  
test reck was painted black f o r  two reasons: 
samples from the  double pass phenomenon (bare s t a i n l e s s  steel  has a r e l a t i v e l y  
high spectral r e f l ec t ance  below 4000 A) and t o  achieve an equi l ibr ium 
temperature under the  samples somewhere near  t h a t  of an exposed module; t h e  
s o l a r  absorptance-to-hemispheric emit tance r a t i o  (a/€) f o r  the b lack  pa in t  and 
f o r  t he  t y p i c a l  s o l a r  c e l l  is near  un i ty .  Figure 6 shows a sampling of t he  
outdoor exposure s i tes  and one of t h e  test racks .  

The test rack was 

In  add i t ion  t o  

t o  prevent  pho to lys i s  of t he  

A s  noted e a r l i e r ,  one of the  o b j e c t i v e s  of the  Phase I1 i n v e s t i g a t i o n  was 
t o  develop sound test methods f o r  eva lua t ion  of encapsulant  m a t e r i a l s .  
o rder  t o  accomplish t h i s ,  s eve ra l  o p t i c a l  and non-destruct ive t e s t i n g  
techniques were employed. 
of RNHT. The merits of t h i s  technique were descr ibed i n  t h e  d i scuss ion  of the  
Phase I i n v e s t i g a t i o n  above. 
Lind and Stewart  of Battelle P a c i f i c  Northwest Labora tor ies  incl3de:  s p e c t r a l  
t ransmi t tance  (normal hemispherical  and normal);  s p e c t r a l  r e f l e c t a n c e  (normal 
hemispherical) ;  and s c a t t e r i n g  ( specular  t ransmi t tance) .  Scanning e l e c t r o n  
microscopy measurements a r e  being performed on a l l  RTV 615 samples t o  i d e n t i f y  
dens i ty  and spec ie s  of deposi ted p a r t i c u l a t e  matter. 

In  

One such o p t i c a l  measurement technique was the  use 

Addit ional  o p t i c a l  measurements performed by 

The prelim'nary r e s u l t s  of t h i s  i a v e s t i g a t i o n  (i.e., from those  s i t e s  
t h a t  have had a t  l e a s t  one year  of f i e l d  exposure) show some i n t e r e s t i n g  
t rends .  Appendix B shows the  RNHT va lues  of n ine  si tes i n  the  network. 
Figure 7 presents  a comparison between t h e  "cleanest"  and " d i r t i e s t "  s i t e s  i n  
the Southern Ca l i fo rn ia  area. 

In add i t ion  t o  the  RNHT da ta ,  Table 3 s h w s  the  s e v e r i t y  of dust  and d i r t  
accumulation, i n  t h i s  case a t  the  Pasadena SCAQMD s i t e .  Ae a d i r e c t  result  of 
the  da ta  presented in  Figure 7, new mechanisms f o r  s o i l  accumulation and 
r e t e n t i o n  have been pos tu l a t ed ,  f i r s t  and foremost by Cuddihy (Reference 1 2 )  
and second a s  a lema by the  authors .  
mechanisms w i l l  be published i n  a f u t u r e  r e p o r t .  Br i e f ly ,  t h e  datsr suggests  
t h a t  t h ree  d i s t i n c t  layers may form on t h e  s u r f a c e  of the  most heavi ly  

An i n t e r p r e t a t i o n  of the  r e t e n t i o n  
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Goldstone S i t e  T e r r a i n  SCAQm, Monitoring S i t e ,  Pasadena 

Jet  Propulsion Laboratory Test Site Test Rack With Macerial  Sample- 

Figure 6 .  Some Outdoor Exposure S i t e s  and a Typical Sample Test Rack 

contaminated nmteriaIs as dep ic t ed  in  Figure 8. Layer A is a s s o c i a t e d  with 
t h e  chemical a c t i v i t y  of t h e  s u r f a c e ;  i . e . ,  t h e  n a t u r a l  environment reacts  
with $he s u r f a c e  to  k i l l  any r e a c t i v e  s i t e r  ( f ree  r a d i c a l s )  left during t h e  
manufacturing process;  ergo, a h igh  population of mul t iva len t  ions would 
remain on t h e  su r face .  This s u r f a c e  would in  r e a l i t y  be t h e  bulk m a t e r i a l ' s  
new su r face  and vould be impossibie t o  remove. As a consequence of the 
formtion of t h e  highly r e a c t i v e  l a y e r  A, a d d i t i o n a l  s u r f a c e  contamination 
w i l l  afcumulata on l aye r  A u n t i l  i ts  su r face  energy h a s  been reduced t o  a 
nrfminal l e v e l .  Layrr B h a s  now been formed and would most l i k e l y  be 
susceptible t u  mechanical removal. Layet C is then the "neighborhood d i r t "  
(geographical ly  d i f f e r e n t i a t e d )  t h a t  accumulates on Layer 8 .  The binding 
energy of Layer C to Layer B is very lou- -mch weaker than t h a t  of ra in ,  t hus  
permirting n a t u r a l  t c ? t ~ v a l .  T h i s  theory sugges t s  t h a t  m a t e r i a l  would bu i ld  up 
on a module or material s u r f a c e ,  decreasing power or t ransmission,  
respe-tively; power lo s s  or change i n  t ransmission then would level  o f f  a n d ,  
as rain  or' snow or other  n a t u r a l  removal forcer dominate, o s c i l l a t e  above t h i s  
equi l ibr ium value ,  If mechanicel c leaning is in se r t ed  i n  t h e  scena r io ,  i . e . ,  

l a  



Table 3. Seve r i ty  of Dust and D i r t  Accumulation: Pasadena SCAQMD S i t e  

MATERIAL 
HEMISPHERICAL SPECULAR 
TRANSMITTANCE TRANSMITTANCE 

Day 0 Day 150 Day 150 

RTV 615 

41-2577 

Soda L i m e  Glass 

Borosi Llcate  Glass 

Alumino S i l i c a t e  Glass 

Tedlar  

Korad 

0.930 0.585 

0.870 0.564 

0.870 0.681 

0.910 0.730 

0.914 0.783 

0.892 0.741 

0.912 0.718 

0.303 

0.251 

0.581 

0.613 

0.642 

0.585 

0.564 

TORRANCE SCAOMD 

, 

50 #00 150 200 I S 0  3M) 3% 

N o .  D A Y S  No.  D A Y S  

Figure 7 .  Percentage Loss i n  RNHT of Materials Exposed a t  Two Locat ions 

removing Layer B, an almost complete recovery should occur.  This i s  
c o n s i s t e n t  with f i e l d  observa t ions .  Theory a l s o  sugges ts  t h a t  i f  no r e a c t i v e  
oxida t ion  occurs  ( i . e . ,  no r e a c t i v e  s i tes  e x i s t ) ,  no Layer A can be formed. 
This appears  t o  be t h e  case for s u r f a c e s  such a s  g l a s s  and a c r y l i c  ma te r i a l s .  
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LAYER C - 

I- 

"NEIGhBORHOOD DIRT" - 
NATURAL REMOVAL 

SURFACE ENERGY 
DEPOSll lON -MECHANICAL 
R EMOVA L 

LAYER B - 

WYER A - CHEMICALLY REACTIVE - 
VIGOROUS MECHANICAL 
AND CHEMICAL REMOVAL 

AS -MANUFACTURED FRONT SURFACES 
OF MODULE COVER MATERIAL 

Figure 8. Three-Layer Soiling Mechanism 

In sumnary, the observations made during this phase of the investigation 
inc lude : 

The relative transmission of glass, polyvinyl fluoride and acrylic 
material samples was significantly better than that of silicone 
rubber and the hardcoat silicone at all sites. 

Of the three glasses, borosilicate was effected the least by 
outdoor soiling, followed by aluminosilicate, then soda lime. The 
maximum transmission loss  for all glasses was 16%, with the 
majority of the readings <5% loss. 

The maximum measured transmission losses were: silicone rubber, 
46%; proprietary silicone, 31%; soda lime glass, 16%; 
aluminosilicate glass, 14%; borosilicate glass, 13%; polyvinyl 
fluoride, 21%; and acrylic, 21%. All of these occurred at the 
Lennox, Ch site. 

At the Southern California sites, where there were washed and 
unwashed samples, no appreciable differences in relative 
transmission are noted, especially on the harder materials. Some 
differences are noted on the softer materials during the rain-free 
periods . 
Tilt angle affected soil accumulation more on the softer materials 
( A 5 X )  than the harder materials (112%). 
latitude ( 3 4 O )  had slightly more transmission loss  than at the 
nominal test angle ( 4 5 0 ) .  

Samples tilted at the local 
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SECTION 111 

LABORATORY SOILING EXPERIMENTS: DESCRIPTION AND RESULTS 

Early f i e l d  da t a  showed t h a t  t h e r e  was cons iderable  s i t e - t o - s i t e  
v a r i a t i o n  i n  the  performance degrada t ion  of  modules a t t r i b u t a b l e  to  s o i l i n g .  
P a r a l l e l  with t h e  assessment of t he  f i e l d  d a t a ,  a series o f  l abora to ry  
experiments was i n i t i a t e d .  The ob jec t ive  of t h e - e  experiments was t o  s imula t e  
contaminant depos i t i on  on test su r faces  and determine f a c t o r s  a f f e c t i n g  module 
performance . 

The i n i t i a l  set of l abora to ry  s o i l i n g  tests performed a t  JPL used a se t  
o f  four  Block I1 -h imodules  (one from each manufacturer)  and s tandard  
motor-vehicle a i r - c l eane r  test dus t  (GM P1543094). Although t h e  test dus t  
does not have c h a r a c t e r i s t i c s  i d e n t i c a l  t o  those  o f  f i e l d  dus t  (e.g., it has  
no organic  c o n s t i t u e n t s ) ,  i t  is well cha rac t e r i zed  (Reference 131, is 
ava i l ab le  commercially, and has  small lot- to- lot  v a r i a t i o n .  These i n i t i a l  
tests were performed wi th  and without  condensed moisture  on t h e  s u r f a c e  of t h e  
modules. For the  dry test ,  50 cc of  dus t  was d i s t r i b u t e d  uniformly over t he  
face  of  t h e  modules, t he  module was tapped t o  remove loose p a r t i c l e s ,  and then 
the  module was measured e l e c t r i c a l l y .  For the  fogged cond i t ion ,  t he  modules 
were r e f r i g e r a t e d  f o r  2 h so t h a t  moisture would condense on t h e  s u r f a c e  a f t e r  
exposure t o  r o o m  a i r .  Then s t e p s  s i m i l a r  t o  those of the  d ry  test were 
performed. The test r e s u l t s  are compared with f i e l d  results i n  Table 4 .  The 
results do not c o r r e l a t e  well wi th  the  f i e l d  experiments,  i n d i c a t i n g  t h a t  
simple t e s t i n g  procedures are inadequate.  

Table 4. I n i t i a l  Dust Test Resu l t s  

OUTPUT POWER DEGRADATION (%I 

MINIMODULE 
ENCAPSULANT 
EXTERIOR SURFACE 

Dry Fogged F ie ld  Data 

F loa t  Glass 2 66 2 t o  7 

Semiflexible  S i l i c o n e  
Con f orma 1 Coat ing 4 

Si l i cone  RTV Rubber 
Compound Type 1 64 

S i l i cone  RTV Rubber 
Comp0ur.d Type 2 46 

49 6 t o  32 

68 11 t o  39 

5 2  8 t o  36 



In  a c o n c a r r a t  test t o  explore  dust-removal e f f e c t s  by blowing a i r ,  tes t  
This  was followed by dust  was appl ied  i n  t h e  same manner as f o r  t h e  dry test .  

blowing w i t h  an a i r  hose (100 p s i g )  5 cm (2  in . )  from the  modules' su r f ace  a t  
an angle  o f  30°. During t h e  blowing ope ra t ion ,  i t  was observed t h a t  dus t  
blows o f f  t o  a c e r t a i n  p o i n t ,  then no more is removed. This is commonly seen 
when a f l u i d  under pressure  ( a i r ,  G N 2 ,  or water) is d i r e c t e d  a t  a s u r f a c e  
covered with p a r t i c u l a t e s ,  whether it be a window, a c a r  hood, or a driveway. 
With t h e  except ion of  t h e  g l a s s  module, which was i n i t i a l l y  minimally degraded 
and showed no change, the  non-glass covered modules showed 6 s i g n i f i c a n t  
improvement i n  e l e c t r i c a l  performance. A poss ib l e  explana t ion  is  t h a t  t h e  
blowing breaks the  bonds on the  loose ly  adhered p a r t i c l e s ,  e s p e c i a l l y  the  
l a r g e r  ones,  which are en t r a ined  i n  t h e  airstream and are blown away f r  m t he  
su r face  wi th  t h e  smaller-s ized p a r t i c l e s  remaining behind. The ne t  e f f x t  i s  
less blockage of  i nc iden t  l i g h t ,  r e s u l t i n g  i n  improved e l e c t r i c a l  p e r f o r m n c e  
of t he  modules. 

A second series of  dus t  deposition-removal experiments was performed i n  
an at tempt  t o  achieve b e t t e r  c o r r e l a t i o n  between f i e l d  r e a u l t s  and test 
results. These t es t s  were performed using Block I1 minimodules, s tandard a i r  
c leaner  dus t ,  and an experimental  p a r t i c u l a t e  depos i t i on  chamber (F igure  9). 
The tes t  sequence is depic ted  i n  Figure 10. The f r o n t  su r f ace  of each test 
specimen was precondi t ioned t o  one of  the  fol lowing s t a t e s  before  dus t  
depos i t ion :  d r i e d ,  fogged, misted w i t h  a s imulated smog, o r  a combination o f  
these.  A c h i l l  s t e p  rras appl ied  t o  those  minimodules f o r  which a moisture  
l aye r  was des i r ed  on t h e  s u r f a c e  ( i . e . ,  fogged condi t ion) .  Three r e p e t i t i o n s  
of a dusting-tapping-vacuuming s t e p  were necessary t o  increase  the  d e n s i t y  o f  
smaller-diameter  p a r t i c l e s  (<lo p m )  r e t a ined  by the  sur face .  (The tapping and 
vacuuming s t e p s  removed loose ly  adhered l a r g e r  p a r t i c l e s .  ) Figures  11 and 12 
dep ic t  these s t e p s .  The s imulated smog f l u i d  w a s  composed of  s e v e r a l  o rganic  
compounds blended i n  propor t ion  by volume based on an a n a l y s i s  of a i r  
po l lu t ion  performed In Europe. A t h i n  layer of the  f l u i d  was depos i ted  on t h e  
appropr i a t e  modules us ing  an ar t is t ' s  a i r b r u s h  and a fume hood (F igure  13). 
The i n t e n t  of t h ih  condi t ion ing  s t e p  was t o  explore  t h e  ex ten t  t o  which t h e  
organic  f i lm enhanced the  formation o f  s t ronge r  bonds between the  t e s t  d u s t  
and the  module sur face .  

The results a r e  given i n  Table 4. In  t h e  absence of mi s tu re  on the  
su r face  of  the  test item ( i .e . ,  d ry  c o n d i t i o n ) ,  few p a r t i c l e s  adhered t o  the  
su r face ,  whether g l a s s  o r  s i l i c o n e  rubber.  This  r e s u l t  was c o n s i s t e n t  w i t h  
the  f i e l d  r e s u l t s  i n  dry  loca t ions  s u c h  as Phoenix. When moisture  was present  
on t h e  s u r f a c e ,  t he  number of  p a r t i c l e s  r e t a ined  was s i g n i f i c a i l t l y  g r e a t e r ,  
though v a r i a b l e ,  with g l a s s  gene ra l ly  r e t a i n i n g  the  least .  When an o i l y  f i l m  
was appl ied  t o  a dry su r face  and then a r t i f i c i a l l y  dus ted ,  the  number of 
p a r t i c l e s  r e t a ined  was g r e a t e r  than f o r  the  dry  condi t ion  but smaller than f o r  
t he  fogged condi t ion.  The smogged and fogged condi t ions  r e t a ined  more 
p a r t i c l e s  than the  smogged cond i t ion  alone. When severa l  smog-dust l a y e r s  
were appl ied  t o  t h e  module, the  number of  p a r t i c l e s  r e t a ined  was not 
apprec iab ly  d i f f e r e n t  from t h a t  f o r  t he  s i n g l e  smog layer condi t ion .  
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depoei ted on the module su r faces .  However, t he  amount of improvement i n  
performmcs i n  a f i e l d  a r r ay  could be minimal because of t he  complex 
aerodynamics of the  f i e l d ,  e s p e c i a l l y  i' b a r r i e r  fences were placed t o  reduce 
wind loads on a r r ay  s t r u c t u r e s .  Aerodqnacics of f i e l d  arrays a re  being 
a n a l y t i c a l l y  and experimental ly  inves t iga t ed  by Sandia Labora tor ies  and JPL 
con t rac to r s ;  see References 14 and 15 . )  

After  e l e c t r i c a l  measurement, the minimodules were subjec ted  t o  s imulated 
r a i n  removal. The rate s imulated a moderate r a i n  (36 am,'?.) and was performed 
fo r  15 min. The post-rain e l e c t r i c a l  performance tes ts  ind ica t e  improvements 
i n  I,, ranging from 0% t o  9%. 
has  been seen i n  the f i e l d  on modules and m a t e r i a l s  immediately a f t e r  a r a in .  
However, the  degree of improvements noted in  both labora tory  and f i e l d  r e s u l t s  
depend on how heav i ly  so i l ed  the  items were before  the  r a i n .  

This degree of iuprovement is similar t o  Whht 

When the  r e l a t i v e  r e t e n t i o n  of t he  a r t i f i c i a l l y  dusted tes t  samples a r e  
compared (Figure 14) wi th  the f i e l d  "by cleaning" d a t a  i n  Appendix A ,  t he  
labora tory  r e s u l t s  envelop the  f i e l d  d a t a ,  except f o r  urban a reas  with high 
po l lu t ion .  The absolu te  percentage changes are d i f f e r e n t ,  but t he  t r ends  
appear t o  be similar. 

In  summary, test r e s u l t s  from l abora to ry  procedures developed t o  date 
provide only f a i r  c o r r e l a t i o n  w i t h  f i e l d  experiments.  Side-by-side outdoor 
exposure t e s t i n g  fo r  long du ra t ions  a t  a v a r i e t y  of s i tes  is  p resen t ly  the 
most e f f e c t i v e  means of  eva lua t ing  s o i l i n g  d i f f e r e n c e s  between candida te  
ma te r i a l s .  
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SECTION IV 

DUST AP"ESSMENT STUDIES 

An assessment of dus t  s p e c i e s  and o f  t h e  p r o p e r t i e s  of dus t  accumulating 
on modules and materials was i n i t i a t e d  dur ing  the  per iod.  

The f i r s t  e f f o r t s  involved t h e  review of  two r e p o r t s  r e l evan t  to dus t  
c o n s t i t u e n t s ,  prepared by government agencies  f o r  d i f f e r e n t  purposes.  

An Environmental P ro tec t ion  Agency r e p o r t  (Reference 16)  g i v e s  t h e  
r e s u l t s  of  an e f f o r t  t o  c h a r a c t e r i z e  the  va r ious  components and types of  
p a r t i c l e s  t h a t  compose ambient suspended p a r t i c u l a t e  matter i n  urban areas. 
The r e s u l t s  are summarized i n  Table 5. These r e s u l t s  g ive  q u a n t i t a t i v e  and 
q u a l i t a t i v e  ind ica t ions  of t h e  types  of d i r t  t h a t  could be depos i ted  on 
modules i f  placed i n  r e p r e s e n t a t i v e  urban areas i n  t h e  United S t a t e s .  

Table 5. Representa t ive  Percentages of Tota l  Suspended 
P a r t i c u l a t e  Matter i n  Urban Areas 

MASS QUANTITY (%I AVERAGE SIZE (m) 

Comerc ia1  

Res iden t i a l  
Cons t i t uen  t s I n d u s t r i a l  Undeveloped Mean Range 

M i  nera 1s 
Si02 (quar tz )  
CaC03 ( c a l c i t e )  
A1 s i l i c a t e s  
Fe2O3 (hemati te)  
Other 

Combust ion Products 
soot  
F ly  ash 
Misc. 

Bio logica l  Material 

Misc. (mostly rubber 
from t i re  s 1 

65 
29 
21  
5 

10 
1 

25 
17 

1 
a 

3 

7 

90 8 i-62 
32 
40 

3 
15 
1 

5 1-58 

1 24 5-82 

1 43 13-135 

Source: Reference 16 
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Table 6. Characterization of Soil Samples (Source: Reference 17) 
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SECTION V 

CONCLUSIONS 

The following conclusions have been drawn from these  s o i l i n g  
inves t iga t ions :  

(1) Electrical perforrrance degradat ion o f  pho tovo l t a i c  modules 
r e s u l t i n g  from accumulation o f  p a r t i c u l a t e  matter on o p t i c a l  
su r f aces  shows s i g n i f i c a n t  time- and s i te-dependence ranging from 
2% to  60X: power loss. 

(2 )  During per iods  when n a t u r a l  removal processes  do not  daminate, t he  
rate o f  pa r t i cu la t e -ma t t e r  accumulation appears  to be l a r g e l y  
ma ter ia l - independen t . 

t a l  . - .  o~~,-t:..----- - =  . . - ~ ~ i Q i  removal processes ,  e s p e c i a l l y  r a i n ,  is 
s t rong ly  material-dependent.  Thus, n a t u r a l  removal mechanisms must 
be addressed when determining d i f f e r e n c e s  i n  s o i l  r e t e n t i o n  between 
candidate  materials f o r  o p t i c a l  su r f aces .  

(4) Top cover materials of g l a s s ,  polyvinyl  f l u o r i d e ,  and a c r y l i c  
r e t a i n  fewer p a r t i c l e s  than does s i l i c o n e  rubber .  S i l i c o n e  
hardcoat  does not appear to decrease  p a r t i c l e  r e t e n t i o n  of  uncoated 
s i l i c o n e  rubbers  (RTV 615 and Sylgard 184) s i g n i f i c a n t l y .  

( 5 )  High vol tages  r e l a t i v e  t o  ground may a f f e c t  t h e  rate o f  
accumulation o f  d i r t  on some modules and t o p  cover  materials a f t e r  
extended exposure. 

( 6 )  Test  r e s u l t s  from l abora to ry  procedures developed t o  da t e  .lave 
provided only  f a i r  c o r r e l a t i o n  with f i e l d  experiments.  
Side-by-side outdoor exposure t e s t i n g  f o r  long d u r a t i o n s  a t  a 
v a r i e t y  of  s i t e s  i s  p re sen t ly  the  most e f f e c t i v e  means of 
evalua t ing  s o i  l i n g  d i  f f  e rences  between candidate  materials . 

( 7 )  Mechanisms based on su r face  energy cons ide ra t ions  have been 
pos tu la ted  on t h e  accumulation of  s u r f a c e  contamination adherance 
t o  module su r faces .  A t h r e e  layer model has  been suggested.  
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SECTION VI 

BECOMMeNDATfONS 

1. Electrical performance degradation should be reported in terms of 
changes in Isc. 

2. Follow-on soiling investigations should include the following 
cons i dera t i ons : 

(a) Rates of dirt accumulation on various materials at several 

Analysis should include spectral transmittance 
sites throughout the country should be gathered and analyzed 
carefully. 
measureaients and correspondence of results with local 
meteorology and pollution data. 

(b) Effects of particulate constituents and particle site on 
spectral transmittance loss should be determined; e.g., what 
kinds of particles cause significant absorption and 
scattering of incident light for flat-plate photovoltaics? 

(c) A small effort in laboratory soiling test apparatus should be 
continued with the objective of developing a design and 
materials screening test. Principal problems to be addressed 
center on the lack of correlation currently found between 
laboratory results and field results. Facets of this problem 
likely include test dust constituents (i.e., an appropriate 
test dust mixture); the moisture condition of the test dust; 
the test chamber, and the test surface and the technique of 
dust deposition (gravity settling vs impingement). 

(d) The feasibility of using EPA's newly established Inhalable 
Particulate Network results as a data source for developing 
slgorithms for site-dependent dirt accumulation should k 
determined. 

(e) Surface treatments for inhibiting the adhesion of particulate 
matter to a surface fe.g. by reducing surface energy) should 
be investigated. 

3. Cleaning economics for distributed systems (especially residential) 
should be studied. 
typical user could be expected to perform as well as what 
techniques could be applied. 
been completed recently (Reference 18). 

It is not obvious haw much cleaning effort a 

An initial effort in this area has 
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APPENDIX A 

MODULE S0ILIb:C DATA 

The percentage of change in Pmax and Is, for various modules at 
various sites across the country is tabulated in this Appendix. The 
information is organized by manufacturer code (A, B, C, or D); top-cover 
material (silicone rubber, glass, or silicone hardcoat) and a block-purchase 
designator indicating module generation ( I ,  off-the-shelf module type, 1976; 
11, modules fabricated to meet a uniform set of design and test requirements, 
1977).  Also indicated in the table are the number of modules on which the 
performance data is based, the field site location, a climatological and 
pollution classification of the site, tilt of the modules from horizontal, 
whether or not the modules were providing power to a load, the duration of the 
exposure, and the per:entage of change in Is, and Pmax. 
percentages were calculated using the expressions given in Section 11. 
current-voltage characterizations (I-V curves) on which these calculations 
were based contain measurement inaccuracies due to such causes as differences 
in spectral content of the light sources, differences in reference standards 
(e.g., air mass and temperature), and operator error. 
measurements have not been corrected for these inaccuracies. 

The change 
The 

The raw data 
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APPENDIX B 

MATERIALS SOILING DATA 

Transmission loss for seven representative top-cover materials 
subjected to soiling conditions at five sites in Southern California 
and four sites in the rest of the country is tabulated in this 
appendix. In Table B-1, the unwashed samples are identical samples of 
the same material placed in the sample rack at the same time with one 
being retrieved at the appropriate sampling interval. 
stored for subsequent analyeis and studies. The washed samples 
(Southern California sites only) are retrieved, measured, washed using 
a standard soap and water procedure, and returned to the field. 
Transmission measurements were made using the apparatus shown in 
Figure 4. In Table B-2, transmission loss for seven top cover 
materials as a function of the applied voltage (+1500 - V, 0 )  to the 
materials rack is tabulated. 

The sample is 

B- 1 



rn 
rn 
0 
A 

C 
0 
d 
rn 
r( 

C 
m 
L w 
01 
M) m 
U 
C 
QI 
L' 
L 
9) a 

rn 
9) 
U 
d 
r/l 

QL 
L 
5 
rn 
0 a 
X 

W 

01 a 
d 

rn 

5 

.. 

k 
0 
d 
&I 
(D z 
m 
m 

30 c 
d 
7 4  
d 
0 
v) 

a 
4 
m 
.rl 
L 
91 

a z 

c 

u 

n 

1.) 

d 

I 
m 

n 
m w 
d 

F L  C Y -  

- =  

* 
Y 1  
Y 

: b :  
0 *.-I- - o - H  om.-.- - - %  

m C I 0 h e C I q u h  

Y 

4 N NCI N N td  N 0 
- o m o ~ u e m  w 

d 

H-2 



n 

C 
0 
d 
L) 

m 
J 
C 
d 
U 
C 
0 
U 

m 
a 
0 
cl 
C 
0 
d 
(II 

d 

4 

W 

m 

5 
C a 
L.l + 
M 
m 
C 
a, u 
L 
a a 

m 
a, 
U 
d 
cn 
a, 
L 
1 
0 e 
X 

W 

Q1 
V 

3 
C 
0 
d 
U 
m z 

a 
m 

w 
C 

4 

U 

.. 

m 

d 

II 

L) 

n 

4 
3 
r( 
0 cn 
m 
4 
r J  
r( 
L 
a, 

m 
E 
u 

4 

1 

a, 
4 

m 
k 

a 

n 

3 

B- 3 

~ N N N N N ~ U ~  - - a 
NNNNNU-un 

N - N N N O - - 0  

N N N N m O - N N  

u - D -7 n n u n u  

rrrcFnPo,p 

e 

< V 

-0  .. 
a m -  

0 ;: w U. i r  
-d a *  
0 ..-. 
U C P n  



n 
RI 

C 
0 
4 
U 
a 
5 
C 
d 
U 
C 
0 
V 
v 

m 
m 
0 a 
C 
0 
d 
m 
IJY 
U 

5 
G 
C 
m 

Q) 
M 
m 
C 
0) 
W 
L 
Q) a 

cn 
9) 

VI 

aJ 
$4 
1 
VI 
0 a 
X w 
aJ 
-3 
d 
3 
C 
0 

m z 

m 
m 

a0 
C 

U 

.. 
U 
-94 

-94 
u 

.) 

cl 

n 

d 
-4 
d 
0 
v1 

rn 
4 a 
d 
L 
91 
U 

4 

I 

P, 

m 
b 

rn 

n 
d 

* a z 
i 
W 

I 
P 
1 

; 
c Y 

a' 

0 
r. 0 

V 
Y 

a 
4 

f 
u vi- !! 

B-4 



Table B-2. High-Voltage a t  JPL, Pasadena, CA ( 4 5 O  T i l t ) ;  % RNHT Loss 

RETRIEVAL DATE 

MATERIAL VOLTAGE 2/11/80 5/  16/8C 7/ 16/ 80 10/28/80 
( I n  it i a  1 (Re la t ive  D = 271 D = 95 D = 61 D = 104 

5/  17/ 79) 
Placement to Ground) Da 0 366 Da = 366 Da m 427 Da 531 

% RNHT LOSS 

S i l i c o n e  +1500 25 32 36 60 
Rubber - 1500 25 30 33 47 
(RTV 615) 0 24 31 35 51 

P r o p r i e t a r y  +1500 
S i l i c o n e  - 1500 
Q1-25 77 0 

19 19 
19 19 
19 19 

24 
23 
24 

49 
30 
36 

Glass + 1500 9 11 13 26 
(Soda Lime) - 1500 9 11 14 2 1  

0 7 5 10 18 

Glass +1500 6 8 11 19 
(Alumina- - 1500 8 12 15 27 
s i l icate  1 0 6 4 7 15 

Glass +1500 6 9 13 21 
(Boro- -1500 9 11 1 7  39 
s i l i ca te  1 0 5 6 6 15 

Po lyv iny 1 +1500 
F luor ide  - 1 ZOO 
(Ted la r  0 

9 12 15 29 
10 15 16 40 
4 5 7 21 

Acry l i c  +1500 
(Korad 212) -1500 

0 

9 15 
10 17 
6 7 

16 
17 

7 

35 
33 
23 

NOTE: D = Exposure Durat ion S ince  Previous R e t r i e v a l  Date (days)  
0, - Accumulated Exposure Duration (days)  

B- 5 




