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ABSTRACT 
k? 

We p resen t  some r e s u l t s  o f  s t u d y i n g  t h e  
i n t e r a c t i o n  o f  m o i s t u r e  w i t h  p h o t o v o l t a i c  (PV) 
modules and c u s t o m - b u i l t  t e s t  coupons i n  bo th  
l a b o r a t o r y  and outdoor  ambient environments. We 
measured module c e l l  - t o - f r a m e  1  eakage c u r r e n t s ,  &d CELL 

encapsul a n t  b u l  k  and s u r f a c e  c u r r e n t s ,  g l  ass 
su r face  c u r r e n t s ,  and encapsulant /g lass i n t e r f a c e  
c u r r e n t s  as f u n c t i o n s  o f  temperature and humid i t y .  

ELECTROLYTE 
Using a  computer model o f  i n t e r - e l e c t r o d e  conduc- 
t i o n ,  we d e l i n e a t e  p r e f e r e n t i a l  conduct ion pa ths  i n  
PVB- and EVA-encapsul a ted  modules. I n  comparing 
t h e  r e s u l t s  o f  f i e l d  and 1  abora to ry  t e s t  e n v i r o n -  
ments on i d e n t i c a l  samples, we n o t e  and comment 
upon t h e  g r e a t e r  s e v e r i t y  o f  t h e  outdoor  env i ron -  F i g .  1. Schematic o f  Cor ros ion  
ment. We conclude w i t h  a  d i s c u s s i o n  o f  severa l  
aspects  o f  water-module i n t e r a c t i o n ,  i n c l u d i n g  
des ign  s t r a t e g i e s  and c o n t i n u i n g  research aims. which depends upon t h e  env i ronmenta l l y  s e n s i t i v e  

d i e 1  e c t r i c  and water  s o r p t i o n  p r o p e r t i e s  o f  t h e  
encapsul an t .  

BACKGROUND 

A p a r t i c u l a r  performance degrada t ion  mode t h a t  
has been e x t e n s i v e l y  documented i s  e lec t rochemica l  
c o r r o s i o n  ( 1 - 4 ) .  Vo l tage d i f f e r e n c e s  between two 
e l e c t r i f i e d  c e l l s  w i t h i n  a  module, o r  between an 
e l e c t r i f i e d  c e l l  and a  grounded frame, d r i v e  
chemical o x i d a t i o n  and r e d u c t i o n  r e a c t i o n s  a t  t h e  
ce l l / encapsu lan t  and t h e  frame/encapsulant i n t e r -  
faces and cause i o n i c  ( " l eakage" )  c u r r e n t s  t o  f l o w  
between these e l e c t r i f i e d  module p a r t s .  A sche- 
m a t i c  d e p i c t i o n  o f  t h i s  process i s  shown i n  F i g .  1. 

Leakage c u r r e n t ,  which i s  t h e  r a t e  o f  i n t e r -  
e l e c t r o d e  i o n i c  charge t r a n s f e r ,  i s  a  measure o f  
t h e  e lec t rochemica l  r e a c t i o n  r a t e  and can be 
model led as an Ar rhen ius  temperature/ ra te  process 
( l o g  c u r r e n t  i n v e r s e l y  p r o p o r t i o n a l  t o  r e c i p r o c a l  
a b s o l u t e  temperature)  w i t h  a  r a t e  d o u b l i n g  f o r  
approx imate ly  every  10°C inc rease  i n  temperature 
( 5 ) .  I t s  l e v e l  i s  determined by t h e  impressed 
vo l tage ,  t h e  geometr ic  arrangement o f  t h e  module 
components, and t h e  e f f e c t i v e  i o n i c  c o n d u c t i v i t y ,  

The encapsul a n t  p l a y s  a  key r o l e  i n  module 
e lec t rochemica l  processes; i t s  s e l e c t i o n  a f f o r d s  
t h e  ma jo r  o p p o r t u n i t y  f o r  c o n t r o l l i n g  i o n i c  charge 
t r a n s f e r  r a t e s  i n  p h o t o v o l t a i c  modules. It serves 
as t h e  ( s o l i d  s t a t e )  e l e c t r o l y t e  i n  e l e c t r o d e  
i n t e r a c t i o n s  and i s  t h e  medium through and a long 
which d i s s o l v e d  m e t a l l i z a t i o n  i o n s  a r e  t ranspor ted .  
The d i e l e c t r i c  p r o p e r t i e s  o f  t h e  po lymer i c  compound 
determine t h e  ease w i t h  which m e t a l l i z a t i o n  i o n s  
d i s s o l v e .  I t s  c o n d u c t i v i t y  p r o p e r t i e s  and i n d i g e -  
nous i o n i  zabl  e  spec ies concen t ra t ions  determi  ne t h e  
i n t e r - e l  ec t rode  i o n  t r a n s f e r  magnitudes . The 
va lues o f  these  fundamenta l ly  impor tan t  encapsulant  
p r o p e r t i e s  a r e  s t r o n g l y  a f f e c t e d  by t h e  encapsulant  
temperature and mo is tu re  con ten t .  Hence module 
i o n i c  charge t r a n s f e r  r a t e s  w i l l  depend, i n  a 
complex way, on t h e  env i ronmenta l  temperature and 
water  vapor p a r t i a l  p ressure  v a r i a t i o n s  and on t h e  
water  s o r p t i o n  and d i f f u s i o n  c h a r a c t e r i s t i c s  of t h e  
polymer . 

The i n t e r p l a y  o f  mo is tu re  w i t h  polymer 
m a t e r i a l s - - i . e . ,  t h e  module e n c a p s u l a n t - - i s  more 
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involved (6,7) and hence less well understood than 
are temperature-rate relationships. Whereas all 
parts of a PV module are at approximately the same 
temperature (3OC), the moisture 1 eve1 can vary by 
orders of magniture from module surface to module 
interior. This greatly complicates the calculation 
of moisture effects because the moisture level must 
be specifically computed for the exact site of the 
governing reaction. Quantifying the reaction rates 
expected under varying field conditions (tempera- 
ture, relative humidity, dew, rain, etc.) requires 
complex transient models of the modules' spati a1 
moisture sorption together with detailed knowledge 
of the leakage current dependency on this moisture 
level and distribution. 

In this paper we present data that may serve 
as a basis for quantitative studies of the wa- 
ter/module interaction problem. We present 
sorption measurement data for the encapsulants PVB 
and EVA. We present Arrhenius activation energy 
constants for bulk conduction in these encapsulant 
materials, together with plots of bulk and surface 
conductivity of EVA and PVB, surface conductivity 
of a borosilicate and a soda-lime glass, and 
interface conductivities of these encapsulant/glass 
composites. These data were used in a computerized 
simulation of two-dimensional conduction to study 
ionic conduction characteristics of PVB- and EVA- 
encapsul ated modules. Laboratory and field 
surface, bulk, and interface data on the same test 
coupons are compared; these data reveal that the 
"real world" environment is more severe than 
generally applied laboratory temperature/humidity 
environments. The consequences of these data will 
be discussed. 

SORPTION 

Sorption data were acquired utilizing a Cahn 
Balance having microgram resolution. From one arm 
of the beam balance the sample, typically a sheet 
of polymer, is suspended in a Blue M environmental 
chamber. The other arm sports counterweights 
suspended in an unchanging environment. The 
chamber environment can be controlled over the 
ranges 10% - 100% relative humidity (RH) and 20°C - 
8S0C. 

Sorption equilibrium isotherms, based upon 
data collected at JPL from pristine PVB and EVA 
samples, are presented in Figure 2. The isotherms 
account for both surface and bulk water. It is 
seen that PVB is considerably more sorbant than 
EVA. 

This sorption data was acquired on polymer 
sheets offering large areal exposure to the applied 
environment. The data may be applicable to 
ungl assed modules but perhaps not to gl ass-polymer- 
glass modules which offer 1 imited polymer exposure 
(generally along a gasketed 1 ineal perimeter) to 
the environment. 

IONIC CONDUCTION 

Water within a polymer and on its surface 
that is available to participate in the ionic 
conduction process does so by providing a medium in 
which ionization can readily occur. The high 

EVA 

Vapor Pressure (rnm Hg) 

Fig. 2. Water Sorption Isotherms for PVB and EVA 

relative permittivity of water (Zw = 82) provides 
10 to 30 times more ionizing power than do typical 
dry PV module polymer encapsulants (ZEVA = 3.8, 
Z p v ~  = t0.7). Thus sorbed water enhances 
ionization within a polymer by increasing its 
permittivity. 

Anal vtical Expressions 

Semi-empirical equations having some 
theoretical basis (8,9) have been utilized to 
relate the dependency of ionic conduction upon 
temperature, sorbed moisture content, and material 
permittivities. We use these equations and further 
develop them to provide analytical expressions 
against which to compare experimental measurements 
and to serve as a basis for model analysis of 
overall PV module conduction processes: 

where 
k = ionic conductivity, (ohm- m)-l 
Mo = scale constant, (ohm-cm)- f 
R = gas constant, 1.987 ~al/mole-~K 
T = temperature, OK 
E = activation energy, cal/mole (the energy 

required to ionize one mole of bound ion 
in a medium) 

Uo = dissociation energy, cal/mole (the 
energy required to ionize one mole of 
bound ion in-vacuum) 

Z = relative permittivity of polymer medium 

Bulk Conductivi tv. We model the bulk permit- 
tivity of a polymer/water composite as 

where C is the volume fraction of water in the 
composite and the subscripts "p" and "w" refer to 
"polymer" and "water", respectively. This formula 
derives from an expression by Hartshorn (9) 
modified to apply to a polymer with specific 
gravity near unity and having a small water 
concentration. 

When Eqn. 2 is substituted into Eqn. 1, we 
obtain 



where Ev = Uo/2Zp i s  t h e  a c t i v a t i o n  energy f o r  t h e  
d r y  s t a t e ,  C = 0. I f  a  m a t e r i a l  s u f f e r s  hygro-  
thermal degradat ion,  i t s  s o r p t i o n  c a p a c i t y  w i l l  
g e n e r a l l y  increase.  To account f o r  degradat ion,  we 
rep lace  C  i n  Eqns. 2  and 3  w i t h  hC. The degrada- 
t i o n  f a c t o r  h  mu1 t i p 1  i e s  t h e  water  concen t ra t ion  C  
over what i t  would be i n  t h e  non-degraded m a t e r i a l  
f o r  equ iva len t  exposure c o n d i t i o n s .  

Surface C o n d u c t i v i t y .  For  water  on a  polymer 
sur face,  we adopt t h e  express ion 

where Vp and Vw a re  t h e  polymer and water  volume 
r a t i o s  r e l a t i v e  volume o f  t h e  composite su r face  
conduct ion l a y e r .  S u b s t i t u t i n g  Eqn. 4  i n t o  Eqn. 1  
g ives  

For su r face  c o n d u c t i v i t y  we make t h e  
a d d i t i o n a l  d i s t i n c t i o n  t h a t  Vw = y r ,  where y  i s  t h e  
f r a c t i o n  o f  t h e  su r face  covered w i t h  mo is tu re  and r 
i s  t h e  water  volume r a t i o  o f  t h e  covered s i t e s ,  
assumed t o  be equal t o  t h e  ambient r e l a t i v e  
humid i t y  f o r  steady s t a t e  exposure c o n d i t i o n s .  For 
polymer sur faces,  exper imenta l  conduct ion da ta  can 
be f i t t e d  w i t h  y -va lues  near  1, b u t  f o r  g lass  
surfaces, a  b e t t e r  f i t  i s  ob ta ined  w i t h  y  about 
0.1. 

I n t e r f a c e  C o n d u c t i v i t y .  

We invoke superpos i t i on  t o  model t h e  i o n i c  conduc- 
t i v i t y  o f  a  polymer/glass i n t e r f a c e :  

A  superpos i t i on  model may be v a l i d  i f ,  f o r  example, 
the  two sur faces s t r o n g l y  i n t e r a c t  o r  i f  adhesive 
b inders  o r  p r imers  (10) a re  used t o  promote 
coup1 i ng . 
Experimental Resu l t s :  Labora to ry  

A c t i v a t i o n  Enerqies. Arrhenius p l o t s  f o r  
"d ry "  PVB and EVA are  presented i n  F ig .  3. The 
data groupings r e f l e c t  d i f f e r e n t  sample des ign and 
f a b r i c a t i o n  processes, b u t  d e s p i t e  considerable 
d i f f e r e n c e s  i n  sample exposure h i s t o r i e s ,  t h e  
a c t i v a t i o n  energ ies have remained r e l a t i v e l y  
constant  a t  E  = 17.1 kcal/mole f o r  PVB and 
Ev = 13.6 kcay/mole f o r  EVA. 

Bulk  C o n d u c t i v i t i e s .  B u l k  e q u i l i b r i u m  i o n i c  
c o n d u c t i v i t y  da ta  f o r  p r i s t i n e  PVB and EVA are  
presented i n  F i g .  4. The superposed curves a re  
generated us ing  Eqn. 3  w i t h  Mv = 15 (ohm cm)- l  
and h  = 1 f o r  t h e  PVB data,  and Mv = 0.000224 
(ohm-cm)-I and h = 2.31. The degradat ion f a c t o r  
h  = 2.31 g i v i n g  t h e  "bes t "  f i t  f o r  t h e  EVA d a t a  may 
imply  t h a t  t h e  EVA used t o  o b t a i n  t h i s  da ta  may 
have been more sorbant  than  t h a t  used t o  o b t a i n  t h e  
s o r p t i o n  data i n  F i g .  2. EVA exposed 45 days t o  an 
85OC/85%RH environment e x h i b i t e d  s o r p t i o n  capaci - 
t i e s  more than  t w i c e  those i n d i c a t e d  i n  F ig .  2. 

(wcuurn sealed) 

Degraded EVA 

F i g .  3. A r rhen ius  P l o t s  f o r  Bu lk  I o n i c  Conduction 
i n  Dry PVB and EVA 

The d a t a  o f  F i g .  4  i n d i c a t e s  t h a t  PVB i s  more 
conduct ive than  EVA by t h r e e  o rders  o f  magnitude 
and cons iderab ly  more s e n s i t i v e  t o  temperature and 
humid i t y  v a r i a t i o n s  (1 ) .  T h i s  i s  a t t r i b u t e d  i n  
p a r t  t o  t h e  f a c t  t h a t  PVB has a  cons iderab ly  h i g h e r  
i o n i z a b l e  species con ten t  than EVA, which does n o t  
con ta in  added p l a s t i c i z e r  and c r o s s l i n k s  i n  cu r ing .  

Relative Humidity 

F i g .  4.  Bu lk  C o n d u c t i v i t y  o f  PVB and EVA 

Sur face C o n d u c t i v i t i e s .  The raw PVB and EVA 
sur face and i n t e r f a c e  c o n d u c t i v i t y  da ta  c o n t a i n  
b u l k  c o n t r i b u t i o n s .  To p e r m i t  d i v i s i o n  o f  t h i s  
data i n t o  bu lk ,  sur face,  and i n t e r f a c i a l  compo- 
nents, a  m u l t i - n o d a l  network model ( l l ) ,  which 
ou tpu ts  v o l t a g e  a t  each node and c u r r e n t  f l o w  
between adjacent  nodes, was cons t ruc ted  t o  s imu la te  
the  conduct ion paths i n  t h e  measurement samples. 

The PVB and EVA sur face  c o n d u c t i v i t y  data, 
w i t h  b u l k  c o n t r i b u t i o n s  excluded, are presented i n  
F ig .  5. The superposed c u r v e i  are generated us ing  
Eqn. 5  w i t h  Ms = 1 . 2 6 ~ - ~  ohm- , E S  = 12.45 
kcal  mole, and y  = 1 f o r  PVB, and w i t h  Ms = 1 . 7 ~ - l ~  
ohm-(, Es = 6.32 kcal/mole, and y  = 1 f o r  EVA, 
r e s p e c t i v e l y .  Compared t o  b u l k  c o n d u c t i v i t y  
values, su r face  c o n d u c t i v i t y  values are r e l a t i v e l y  
i n s e n s i t i v e  t o  temperature v a r i a t i o n s  b u t  are ve ry  
responsive t o  r e l a t i v e  humid i t y  v a r i a t i o n s .  
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F i g .  5 .  Surface C o n d u c t i v i t y  o f  PVB and EVA 

Soda-Lime Glass 
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F ig .  6 .  Surface C o n d u c t i v i t y  o f  Two Glasses 

The sur face  c o n d u c t i v i t i e s  o f  b o r o s i l i c a t e  
(Pyrex 7740) and soda-l ime g l a s s  a re  presen ed i n  
F ig .  6 ( b o r o s i l  i c a t e  g lass :  Ms = 23.22 ohm-I, Es = 

23.3 kcal/mo e, y  = 0.11; soda-l ime g lass :  M = 

0.02775 ohm-], Es = 15.16 kcal/mole, y  = 0.11). 
The sur face  c o n d u c t i v i t y  o f  b o r o s i l i c a t e  g lass  i s  
cons iderab ly  lower  than  t h a t  o f  soda-l ime g lass .  
The sur face  c o n d u c t i v i t y  o f  bo th  g lasses i s  more 
s e n s i t i v e  t o  temperature v a r i a t i o n  than t h a t  o f  t h e  
two polymers. 

I n t e r f a c e  C o n d u c t i v i t i e s .  PVB/glass i n t e r f a c e  
data are presented i n  F i g .  7  and EVA/glass i n t e r -  
face data i n  F ig .  8. E v i d e n t l y  f o r  PVB/glass, a t  
1  ow humid i t y  t h e  g l a s s  su r face  dominates, whi 1  e  a t  
h igh  humid i t y  t h e  PVB sur face  dominates, t h e  
i n t e r f a c e  conduct ion process. The g l a s s  su r face  
dominates t h e  EVA/gl ass i n t e r f a c e  conduct ion 
process a t  a1 1  humid i t y  l e v e l s .  

A d d i t i o n a l  bo ros i  1  icate/polymer i n t e r f a c e  
c o n d u c t i v i t y  measurements were made w i t h  va r ious  
polymers, i n c l u d i n g  p o l y v i n y l  c h l o r i d e s ,  f l u o r i d e s ,  
a c r y l  i c s ,  and po lyes te rs .  The g lass  dominated t h e  
i n t e r f a c e  conduct ion process f o r  a l l  b u t  t h e  
po lyes te r /g l  ass composite. 

0.2 ' 0:4 0.6 0.8 

Rela t i ve  H u m i d i t y  

F i g .  7. I n t e r f a c e  C o n d u c t i v i t y ,  PVB/glass 
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F ig .  8. I n t e r f a c e  Conduc t i v i t y ,  EVA/gl ass 

E x ~ e r i m e n t a l  Resu l t s :  F i e l d  

The same samples t h a t  were used t o  o b t a i n  t h e  
l a b o r a t o r y  bu lk ,  sur face,  and i n t e r f a c e  leakage 
c u r r e n t  measurement d a t a  were then f i e l d  mounted a t  
a  JPL outdoor t e s t  s i t e .  Raw d a t a  c o l l e c t e d  over  
f o u r  d i f f e r e n t  days i n  March 1986 a re  presented as 
bulk ,  sur face,  and i n t e r f a c e  leakage c u r r e n t s  i n  
F igs.  9  - 11, r e s p e c t i v e l y .  Beneath t h e  da ta  f o r  
each day, t h e  t y p e  o f  day i s  i n d i c a t e d  by a  
t y p i f y i n g  word and temperature. To t h e  l e f t  o f  t h e  
f i e l d  data, f o r  t h e  purpose o f  comparison, are t h e  
corresponding 85OC l a b o r a t o r y  measurement da ta  f o r  
the  same samples. 

General observat ions a re  t h a t  i n  bo th  labora -  
t o r y  and f i e l d  environments, c u r r e n t s  i n  PVB 
considerably  exceeded those i n  EVA, i n t e r f a c e  
c u r r e n t s  exceeded sur face  cur ren ts ,  and l a r g e  
sur face and i n t e r f a c e  c u r r e n t  excurs ions occurred 
d u r i n g  per iods  o f  r a i n  and dew. 

The f a c t  t h a t  these low temperature f i e l d  
data have assoc ia ted  w i t h  them c u r r e n t  l e v e l s  
comparable t o  and exceeding those observed i n  what 
i s  considered t o  be a severe acce le ra ted  



environment--namely, 850C/100%RH--underscores t h e  
major r o l e  1 i q u i d  water  p lays  i n  e s t a b l i s h i n g  f i e l d  
1 eakage c u r r e n t  1  eve1 s and hence i n  c o n t r i b u t i n g  t o  
PV module e lec t rochemica l  co r ros ion .  Indeed, when 
doing l i f e  p r e d i c t i o n  s i m u l a t i o n ,  i t  may s u f f i c e  t o  
consider  o n l y  t h e  leakage c u r r e n t s  generated d u r i n g  
per iods  o f  module exposure t o  l i q u i d  water .  

One form o f  water  damage a c t u a l l y  observed a t  
the  t e s t - s t a n d  was t h e  fo rmat ion  o f  l i q u i d  water  
pockets a t  m a t e r i a l  i n t e r f a c e s  o f  some t e s t  
coupons. As temperature increased, t h i s  t rapped 
water presumably vaporized, causing b l i s t e r i n g  and 
delaminat ions.  

LABORATORY TEST STAND - PVB 
---- EVA 4 

1 0 -  
5 0  1 0 0  RAINY CLOUDY WARM OEWY. CLOUDY 

RH. % 10°C 15'C 35-C 25°C 

F i g .  9. Lab/F ie ld  Bu lk  Leakage Current  Data 

5 0  1 0 0  RAINY CLOUDY W A R M  OEWY, CLOUOY 

RH. )b 
1 0 ° C  15'C 35°C 25°C 

F i g .  10. Lab/F ie ld  Sur face Leakage Current  Data 

1 0 - 2  

1 0 - 3  
LABORATORY 

T - 8 5 - C  

5 0  1 0 0  RAINY CLOUDY W A R M  OEWY, CLOUDY 

RH. X 10°C 15'C 35°C 2 5 - C  

F ig .  11. Lab/F ie ld  I n t e r f a c e  Leakage Current  Data 

LEAKAGE CURRENT PATHS 

We now focus on t h e  i n t e r p l a y  o f  bu lk ,  
surface, and i n t e r f a c e  c o n d u c t i v i t i e s  i n  determin-  

i n g  o v e r a l l  conduct ion p a t h  geometr ies i n  PV 
modules. Glass s u p e r s t r a t e  t e s t  coupons were 
cons t ruc ted  c o n s i s t i n g  o f  a  s i n g l e  C-Si c e l l  and 
aluminum bar  ( " f rame")  encapsulated i n  PVB o r  EVA. 
Measurements were made a t  500 v o l t s  c e l l - t o - f r a m e .  
A two-dimensional m u l t i - n o d a l  SINDA (11) conduct ion 
model o f  a  t y p i c a l  t e s t  coupon, shown i n  F ig .  12, 
was employed t o  achieve a f i r s t  c u t  understanding 
o f  leakage c u r r e n t  d i v i s i o n  among p o s s i b l e  paths. 
The u l t i m a t e  parameter de te rmin ing  t h e  leakage 
c u r r e n t  i s  t h e  t o t a l  r e s i s t a n c e  RT between c e l l  and 
frame, as determined by t h e  s e r i e s / p a r a l l e l  network 
connect ing t h e  two. F ig .  13 shows how RT v a r i e s  
w i t h  bu lk ,  sur face,  and i n t e r f a c e  r e s i s t i v i t i e s  and 
t h e  key geometr ic  parameters d e f i n e d  i n  F i g .  12. 
I n  F ig .  13, PSI i s  t h e  r e c i p r o c a l  sum o f  su r face  
and i n t e r f a c e  c o n d u c t i v i t i e s .  

The s i m u l a t i o n  r e s u l t s  presented i n  F i g .  13 
supercede those presented i n  F ig .  8, Reference ( I ) ,  
which f a i l s  t o  account f o r  conduct ion a t  t h e  
encapsulant/glass i n t e r f a c e .  

ENCAPSULANT 
SURFACE \ 

Fig .  12. Sample Model Used i n  Computer Conduction 
S imu la t ion  

I n  F i g .  14, t h e  r e s i s t i v i t y  r a t i o  (absc issa 
i n  F ig .  13) i s  p l o t t e d  vs. temperature and r e l a t i v e  
humid i t y  f o r  PVB and EVA. Thus the  i o n i c  conduc- 
t i o n  c h a r a c t e r i s t i c s  generated by t h e  s i m u l a t i o n  
model (F ig .  13) can be c o r r e l a t e d  w i t h  t h e  i o n i c  
conduct ion c h a r a c t e r i s t i c s  o f  module encapsulants 
i n  e q u i l i b r i u m  temperature/humid i ty  environments 
(F ig .  14).  

As an example o f  t h e  usefu lness o f  F igs .  13 
and 14, no te  t h a t  f o r  EVA/glass modules t h e  
s u r f a c e - i n t e r f a c e / b u l k  r e s i s t i v i t y  r a t i o  i s  small  
( P S ~ / P V  < 0.3) ; t h e  dominant c e l l  - to - f rame conduc- 
t i o n  paths a r e  v i a  t h e  su r face  and i n t e r f a c e .  
Under these c o n d i t i o n s  t h e  leakage c u r r e n t  l e v e l  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  encapsulant th i ckness  
t and d i r e c t l y  p r o p o r t i o n a l  t o  t h e  areas o f  t h e  
c e l l  and frame as represented by t h e i r  widths W and 
w, r e s p e c t i v e l y ,  F i g .  13. Th is  i s  t r u e  f o r  PVB 
modules o n l y  i n  wet, l ow temperature environments, 
as may occur on dewy mornings o r  r a i n y  days. For 



PVB/glass modules in a dry environment (pS1/pV > 
10.0), the conduction is dominated by lateral paths 
through the encapsulant bulk; the gap spacing and 
the total encapsulant thickness T are the governing 
parameters. 

We point out that cells of C-Si modules are 
totally surrounded by insulation; hence all cell - 
to-frame paths have one or more bulk components. 
On the other hand, in a-Si modules interfacial 
paths directly connect the cells to the frame. The 
consequences of this for water entry into, and 
distribution within, PV modules are discussed in a 
companion paper (12) in this journal. 

I O - ~  lo-2 I I o2 1 04 
- 1 

SURFACE-INTERFACE / BULK RESIST IV ITY  RATIO / p V ) r  

Fig. 13. Sample Ionic Conduction Characteristics 
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d = 1.3 cm 
w = 0.6 cm 
t =0.045 cm 
W = 4 c m  /---- 

(t = 0.005 cm) 

I 
WIDE FRAME (w = 4 cm) 

EVA on Borosilicate \ \ \ I 

0 0.2 0.4 0.6 0.8 

Relative Humidity 

Fig. 14. Resistivity Ratios vs. Temperature and 
Relative Humidity 

DISCUSSION AND CONCLUSIONS 

In this paper we have noted the crucial role 
ionic leakage current plays in contributing to PV 
module corrosion processes. We have provided some 
important material ionic conduction data and have 
indicated how variations in module design param- 
eters impact module leakage current levels. We 
have indicated 1 i kely module leakage current paths 
for various temperature/humidity environments and 
have demonstrated the greater severity of an 
outdoor environment over that of typical laboratory 
temperature/humidity test environments, emphasizing 
the key role of liquid water. 

This paper and its antecedent (1) establish a 
data base and the germ of a procedure for quanti- 
tativel y analyzing and predicting PV module field 
1 ife. Still 1 acking are transient performance 
models that integrate the many interactive param- 
eters into a single re1 iable analytical algorithm. 
Present transient response models are simplistic at 
best and a quantitative understanding of the link 
between the form and concentration of moisture in a 
polymeric material (much less a PV module), and the 
consequent ionic conduction and corrosion, is not 
now avai 1 able. 
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