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ABSTRACT 

I n  response t o  t h e  need f o r  f i r e - r e s i s t a n t  
pho tovo l ta i c  modules f o r  c e r t a i n  app l i ca t ions ,  
severa l  advanced cons t ruc t ions  have been developed 
us ing  Kapton, metal f o i l s ,  and high-temperature 
f i b e r g l a s s  rear -su r face  mate r ia l s .  Test r e s u l t s  
i n d i c a t e  t h a t  severa l  c o n f i g u r a t i o n s  are capable of 
achiev ing Class B f i r e - r e s i s t a n c e  leve ls ,  and some 
Class A  l e v e l s .  The research e f f o r t ,  a  coopera- 
t i v e ,  cost -shar ing par tnersh ip  between p r i v a t e  
i n d u s t r y  and Federal p a r t i c i p a n t s ,  i nvo lved  
eva lua t ing  the  f l a m m a b i l i t y  o f  e x i s t i n g  comnercial 
module designs, i d e n t i f y i n g  design fea tu res  t h a t  
c o n t r o l  f l ammab i l i t y ,  and developing advanced 
f i r e - r e s i s t a n t  module cons t ruc t ions .  S i m p l i f i c a -  
t i o n  o f  standard f i r e  t e s t i n g  procedures a1 lowed 
r a p i d  c h a r a c t e r i z a t i o n  o f  t h e  f i r e  res is tance  o f  
l a r g e  numbers of candidate const ruct ions,  and 
al lowed v ideo record ing  and d e t a i l e d  p o s t - t e s t  
ana lys is  by the  la rge  number o f  c o n t r i b u t i n g  
researchers. 

Key Words: F lammabi l i ty ,  Pho tovo l ta i cs ,  Test  
Methods, High Temperature M a t e r i a l s  

INTRODUCTION 

As p a r t  o f  the  U.S. Department o f  Energy's Na t iona l  
Pho tovo l ta i cs  Program, the J e t  Propuls ion 
Laboratory  (JPL! F l a t - P l a t e  Solar  Array P r o j e c t  i s  
conduct ing research d i r e c t e d  a t  f u t u r e  large-scale 
p h o t o v o l t a i c  (PV) app l i ca t ions .  One aspect of the  
JPL e f f o r t  t o  improve PV module and a r r a y  p e r f o r -  
mance emphasizes the i n v e s t i g a t i o n  o f  f l a m m a b i l i t y  
c h a r a c t e r i s t i c s  o f  f l a t - p l a t e  PV modules t h a t  may 
con tac t  ex te rna l  f i r e  sources. 

Roof-mounted r e s i d e n t i a l  and in termediate f l a t -  
p l a t e  PV a r ray  i n s t a l l a t i o n s  are expected t o  
increase i n  number as PV modules become i n -  
c reas ing ly  a v a i l a b l e  on a  la rge-sca le  bas is .  
Sa fe ty - re la ted  b u i l d i n g  codes, as enforced by s t a t e  
and/or l o c a l  o f f i c i a l s ,  o f t e n  r e q u i r e  minimal 
f i r e - r e s i s t a n c e  l e v e l s  f o r  var ious app l i ca t ions ,  
such as roof-mounted PV arrays on p u b l i c ' b u i l d i n g s  
and c e r t a i n  r e s i d e n t i a l  comnunit ies w i t h  a  h igh  
f i r e  concern. These codes may categor ize t h e  PV 
a r ray  as a  r o o f i n g  m a t e r i a l  o r  r e q u i r e  t h a t  the  
a r ray  n o t  reduce the  f i r e - r e s i s t a n c e  r a t i n g  o f  a  
r o o f  below requ i red  minimums. The Nat iona l  F i r e  
P r o t e c t i o n  Agency (NFPA), i n  con junc t ion  w i t h  
Underwr i ters  Laborator ies,  Inc.  (UL) , and t h e  
American Soc ie ty  f o r  Tes t ing  and M a t e r i a l s  (ASTM), 
has def ined th ree  s p e c i f i c  f i r e - r e s i s t a n c e  r a t i n g s  
f o r  roo f -cover ing  mate r ia l s :  Class A, e f f e c t i v e  
against  severe f i r e  exposure; Class B y  e f f e c t i v e  
against  moderate f i r e  exposure; and Class C, 
e f f e c t i v e  against  l i g h t  f i r e  exposure. The 
requirements and t e s t  procedures d e f i n i n g  these 
r a t i n g s  are i d e n t i f i e d  i n  s a f e t y  standards p ro -  
mulgated by o rgan iza t ions  such as ASTM and UL ( 1 ) .  

Under c o n t r a c t  t o  JPL t o  i d e n t i f y  and develop 
system and component requirements t h a t  a f fo rd  
appropr ia te l e v e l s  o f  safety ,  UL has i d e n t i f i e d  two 
t e s t s  as app l i cab le  f o r  PV manufacturers seeking t o  
achieve a  f i r e  r a t i n g  f o r  t h e i r  products :  t h e  
spread-of-f lame t e s t  and t h e  burning-brand t e s t  
( 2 ) .  The spread-of-f lame t e s t  i s  designed t o  
measure res is tance  t o  f lame spreading caused by an 
ex te rna l  source o f  flame impinging on t h e  top 
sur face o f  a  PV array.  The burning-brand t e s t  
measures the  a b i l i t y  o f  an a r ray  t o  r e s i s t  
pene t ra t ion  due t o  a  burn ing brand. These two 
t e s t s  were used i n  t h i s  study. 

Pho tovo l ta i c  Module Construct ion 

The key t o  the  p h o t o v o l t a i c  technology i s  the  s o l a r  
c e l l ,  a  semiconductor dev ice t h a t  produces 
d i r e c t - c u r r e n t  e l e c t r i c i t y  when exposed t o  
s u n l i g h t .  The s o l a r  c e l l s  are connected i n  s e r i e s  
t o  develop appropr ia te  l e v e l s  o f  voltage, and i n  
p a r a l l e l  t o  develop h igher  l e v e l s  o f  cu r ren t .  
Groups o f  these in terconnected c e l l s  are 
encapsulated i n t o  PV modules t h a t  p rov ide  basic  
b u i l d i n g  b locks f o r  a  PV array.  
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Current PV modules are const ructed by lamina t ing  
several m a t e r i a l s  t o  form an envi ronmenta l ly  
protected,  e s s e n t i a l l y  p lanar  a s s e h l y  o f  s o l a r  
c e l l s  and a n c i l l a r y  par ts ,  such as in terconnects  
and terminals .  I n  almost a l l  modules c u r r e n t l y  
be ing manufactured, the  s t r u c t u r a l  ( 1  oad-carry ing)  
member i s  the top l a y e r  ( s u p e r s t r a t e l ,  t y p i c a l l y  
118- in . - th ick tempered g lass.  F i g u r e  1 shows a 
cross sec t ion  o f  a  represen ta t i ve  supers t ra te  
design module, i t s  gener ic  elements, and t y p i c a l  
ranges f o r  m a t e r i a l  thicknesses (3 ) .  
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F igure  1. Cross Sect ion o f  a  represen ta t i ve  
superst rate PV module. 

A f t e r  the  g lass superst rate,  t h e  p o t t a n t  i s  t h e  
t h i c k e s t  m a t e r i a l  i n  t h e  laminate. To s a t i s f y  a l l  
o f  the  major requirements placed on t h e  p o t t a n t  
system, most module manufacturers are us ing  
p o t t a n t s  belonging t o  a c lass  o f  m a t e r i a l s  known as 
hydrocarbons. These inc lude  ethy lene v i n y l  acetate 
(EVA), p o l y v i n y l  b u t y r a l  (PVB), and a l i p h a t i c  
po lyurethane (AP). Back-surf ace m a t e r i a l s  c o n s i s t  
o f  f i l m s ,  f o i l s ,  and f a b r i c s .  The f i l m s  used i n  
cu r ren t  module designs are t y p i c a l  l y  Tedlar,  
po lyes te r ,  o r  laminates o f  these f i l m s ,  w i t h  o r  
w i thou t  a  f o i l  l ayer .  

Ob jec t i ve  

Previous f i r e  t e s t i n g  has d isc losed  t h a t  t h e  
module's hydrocarbon p o t t a n t  i s  t h e  most flammable 
module component. However, f i r e  t e s t s  f o r  roof -  
cover ing m a t e r i a l s  measure f i r e  res is tance  i n  terms 
o f  the e n t i r e  system response, Despi te  t h e  p o t t a n t  
m a t e r i a l ' s  f l a m n a b i l i t y ,  p rev ious  r e s u l t s  o f  Class 
B burning-brand t e s t s  i n d i c a t e  t h a t  the  module 
back-surface m a t e r i a l  i s  a  c r i t i c a l  element t o  
success fu l l y  passing f i r e - r e s i s t a n c e  t e s t s .  
This  i n v e s t i g a t i o n  thus focused on i d e n t i f y i n g  
back-surface m a t e r i a l s  and cons t ruc t ions  capable o f  
r a i s i n g  the  f i r e  res is tance  o f  modules us ing  
present  hydrocarbon encapsulants t o  Class A and B 
leve ls .  

The research invo lves  eva lua t ing  t h e  f l a m n a b i l i t y  
of e x i s t i n g  module designs, i d e n t i f y i n g  module 
design fea tu res  t h a t  c o n t r o l  f l a m n a b i l i t y ,  and 
i d e n t i f y i n g  improved c o n s t r u c t i o n  concepts and 
m a t e r i a l s  t h a t  achieve f i r e - r e s i s t a n t  character-  
i s t i c s .  A p a r a l l e l  i n v e s t i g a t i o n ,  complementing 
t h i s  a c t i v i t y ,  i s  researching means o f  reducing t h e  
f l a m m a b i l i t y  o f  encapsulant m a t e r i a l s  and i d e n t i  - 
f y i n g  less  flammable a l t e r n a t i v e s .  

Approach 

The approach, shown i n  F igure  2, i s  a  c o l l a b o r a t i v e  
e f f o r t  based on an i t e r a t i v e  process t h a t  empha- 
s ized cos t -shar ing  and s i m p l i f y i n g  r e l a t i v e l y  
complex t e s t  procedures t o  enable c o s t - e f f e c t i v e  
t e s t i n g .  UL, having complete f i r e  t e s t  f a c i l i t i e s  
and being a c t i v e  i n  the  generat ion o f  e l e c t r i c a l  
and f i r e  safety  standards, conducted t h e  f i r e  
t e s t s .  Since measuring f lamnabi li t y  performance o f  
experimental t e s t  specimens was exp lo ra to ry  i n  
nature and no t  an attempt a t  product  q u a l i f i c a t i o n ,  
UL helped t o  modify the  t e s t  procedure t o  focus on 
key parameters a f f e c t i n g  t h e  t e s t  outcome and t o  
a l low r a p i d  i t e r a t i o n  o f  the t e s t s .  
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F igure  2. Approach t o  develop a technology 
base f o r  f i r e - r a t a b l e  modules. 

Since t h e  degree o f  f l a m n a b i l i t y  i s  s t r o n g l y  
dependent upon both t h e  s p e c i f i c  m a t e r i a l s  of 
c o n s t r u c t i o n  and t h e i r  quan t i t y ,  a  v a r i e t y  of 
modules were t e s t e d  t o  assess f l a m n a b i l i t y  
performance o f  e x i s t i n g  designs and t o  p rov ide  a 
gener ic  understanding o f  f l a m n a b i l i t y  mechanisms. 
Videocassette record ings  were used t o  study 
f l a m m a b i l i t y  f a i l u r e  mechanisms, and time- 
temperature p r o f i l e s  o f  t h e  module back surfaces 
were used t o  i d e n t i f y  requirements f o r  candidate 
high-temperature mate r ia l s .  I d e n t i f i c a t i o n  o f  
improved c o n s t r u c t i o n  concepts and new m a t e r i a l s  
involved coord ina t ion  between m a t e r i a l  supp l ie rs ,  
who were u n f a m i l i a r  w i t h  PV technology o r  the  
module c o n s t r u c t i o n  in te r faces ,  and module manu- 
fac tu re rs ,  whose manufactur ing processes are of a  
p r o p r i e t a r y  nature. M a t e r i a l  s u p p l i e r s  were 
i n t e r e s t e d  because of the  o p p o r t u n i t y  f o r  product  
development and t h e  p o t e n t i a l  f o r  sa les i n  a new 
market; module manufacturers were able t o  gain 
va luable f i r s t -hand  experience w i t h  new candidate 
mate r ia l s .  

. UL 1703 . UL 1 9 0  

Because t h e  cos t  o f  f l a m n a b i l i t y  research i s  q u i t e  
high, the  cos t -shar ing  na tu re  o f  t h i s  a c t i v i t y  was 
w e l l  received.  JPL coord inated the  e f f o r t ,  
and located m a t e r i a l  supp l ie rs  and PV manufacturers 
i n t e r e s t e d  i n  p a r t i c i p a t i n g  i n  the  c o l l a b o r a t i v e  
program. Gi l a  R ive r  Products, HITCO M a t e r i a l s  
D i v i s  ion o f  Armco, 3M Co., Du Pont Co., and Energy 
Savers o f  New Mexico prov ided high-temperature 
m a t e r i a l s  t o  ARCO Solar,  Inc., and S o l a v o l t  
I n t e r n a t i o n a l ,  the  companies t h a t  manufactured t h e  
experimental f i r e - r e s i s t a n t  modules t o  be t e s t e d  a t  
UL . 

ARC0 SOLAR INC PASSIFAIL 
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F igure  3. UL f i r e  t e s t  apparatus w i t h  spread- 
o f  f lame t e s t  i n  progress. 

FACILITIES AND TEST PROCEDURES 

The UL f i r e  t e s t  apparatus, F igure  3, cons is ts  o f  a  
s tee l  framework whose p i t c h  i s  ad justable,  a b lower  
and a i r  duct f o r  producing and c o n t r o l l i n g  a 1220.5 
mi/h a i r  current ,  and a gas burner f o r  t h e  
spread-of - f l  ame t e s t s .  A t e s t  deck t o  which t h e  
r o o f  -cover i  ng m a t e r i a l  (PV modules, i n  t h i s  case) 
i s  appl ied, was normal ly  n o t  used. Th is  d e v i a t i o n  
from the  UL standard t e s t  procedure p e r m i t t e d  
access f o r  d e t a i l e d  v i s u a l  observat ion, and al lowed 
video and t ime- tenperature data t o  be taken from 
the  module's back surface; i t  also e l im ina ted  t h e  
t ime and cos t  associated w i t h  b u i l d i n g  the  deck and 
i n s t a l l i n g  the p h o t o v o l t a i c  modules. A d d i t i o n a l  
f aci 1 i t y  equipment i nc 1 uded a gas burner f o r  
i g n i t i n g  the burn ing brands, a  velometer f o r  wind 
v e l o c i t y ,  a  d r a f t  gauge f o r  gas pressure, and a 
stopwatch. 

Burning-Brand Test Sequence and Constra in ts  

The brands are cons t ruc ted  o f  k i l n - d r i e d  Douglas 
f ir s t r i p s  (3/4 x  3/4 in.) ,  f r e e  o f  kno ts  and p i t c h '  
pockets. Before placement on t h e  t e s t  sample, t h e  
brand i s  i g n i t e d  u n t i l  it burns f r e e l y .  Th is  s t a t e  
i s  considered a t t a i n e d  a f t e r  t h e  brand i s  subjected 
t o  a 1630+500F f lame f o r  a  s p e c i f i c  pe r iod  o f  
t ime: f i v e  minutes f o r  a  Class A brand, and f o u r  
minutes f o r  a  Class B brand. The brands are exposed 
t o  the f lame i n  a s p e c i f i c  manner and sequence. 
A f t e r  the  i g n i t i o n  phase, t h e  brand i s  placed on 
the sur face o f  t h e  t e s t  sample a t  t h e  l o c a t i o n  
considered most vu lnerable.  Throughout t h e  t e s t ,  
the  blower and a i r  duct p rov ide  a 12 mi /h a i r  
cu r ren t  across the  top o f  t h e  module and burn ing  
brand. Table 1 sumnarizes t h e  key parameters o f  
t h e  burning-brand t e s t ,  and F igure  4 prov ides a 
v i s u a l  comparison o f  t h e  s i z e  d i f f e r e n c e  between 
t h e  Class A and Class B brands. 

For PV modules, o n l y  one t e s t  i s  requ i red  and o n l y  
one brand i s  used. For these development tes ts ,  a  
s i n g l e  module was s u b s t i t u t e d  f o r  the  t y p i c a l  r o o f  
sect ion,  which nominal ly  cons is ts  o f  roo f -cover ing  
mate r ia l  i n s t a l l e d  over a s e c t i o n  3 1/3 ft. wide by 
4 1/3 ft. long. A d d i t i o n a l l y ,  t h e  t e s t  i s  normal ly  
cont inued u n t i l  any remaining embers are complete ly  
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Table 1. Key Darameters f o r  burninp-brand 

Fire 
Rating 

Clau A 

Clasa B 

Clast C 

Brand 
Size, in. 

Burning-Brand Test 

Brand 
Ignition 

Tampretura O F  

1630 

1830 

- 

Approximate 
Peak 

Module 
Teinperattlre. O F  

F igure  4. V isua l  comparison o f  Class A and 
B burn ing brands. 

ext inguished,  approximately 45 minutes. To maxi- 
mize use o f  t h e  t e s t  f a c i l i t y ,  the  t e s t s  were 
terminated 5 t o  15 minutes a f t e r  brand placement, 
which proved s u f f i c i e n t  t o  charac te r i ze  the  
r e s u l t s .  

Spread-of-Flame Test Sequence and Cons t ra in ts  

The gas burner used i n  t h i s  t e s t  i s  a  2- in . -d ia .  
p i p e  44 in .  long, w i t h  a s l o t ,  1/2 in .  wide by 36 
in .  long, faced toward t h e  t e s t  specimen. Gas i s  
p iped t o  both ends o f  the  p i p e  t o  ob ta in  un i fo rm 
gas pressure. The burner i s  approximately 25 i n .  
f rom t h e  t e s t  sample and i s  in f luenced  by the 12 
mi/h a i r  cu r ren t .  The gas supply produces 
14002500F f o r  Class A and B t e s t s  a t  a p o i n t  



I in .  above the  t e s t  sample, 1/2 in .  toward t h e  
source o f  flame. These cond i t i ons  r e s u l t  i n  a 
f lame t h a t  extends about 4 1/3 ft., w i t h  l i c k s  o f  
flame extending approx imate ly  1 t o  2 ft f a r t h e r .  
The gas f lame i s  appl ied f o r  10 min. o r  u n t i l  t he  
f laming of the  t e s t  samples recedes from t h e  p o i n t  
o f  maximum f lame spread. whichever i s  shor te r .  
Table 2 sumnarizes' t h e  key parameters o f  t h e  
spread-of-f lame t e s t ,  and F i g u r e  3 shows a 
spread-of - f lame t e s t  i n  progress us ing  a p a r t i a l ,  
3 ft. long r o o f  sect ion.  

Table 2. Key parameters f o r  spread-of-f lame 
tes ts ,  UL 790. 

Rating Fin I Spreed-of-F lame Test 

Flame 
Flame Application 

Ckss A 

Class B I 10 

Class C 1 1300 1 4 

Allowable 
Flame 
Spread 

Distance, f t  

=G 6 

< 8 

$ 13 

As i n  the  case of burning-brand tes ts ,  a s i n g l e  
module was u s u a l l y  s u b s t i t u t e d  f o r  a t y p i c a l  r o o f  
sect ion,  which normal ly  cons is ts  of sample 
roo f -cover ing  m a t e r i a l  t h a t  measures 3 112 ft. 
wide by 9 ft. long f o r  a Class B t e s t  and 8 ft. 
long f o r  a Class A t e s t .  

Pass/Fai l  C r i t e r i a  

I n  general,  a t  no t ime dur ing t h e  spread-of-f lame 
t e s t  o r  the  burning-brand t e s t  s h a l l  any p o r t i o n  o f  
the  module be blown o r  f a l l  o f f  t h e  t e s t  deck i n  
the  form o f  f l aming  o r  glowing brands, nor s h a l l  
the  r o o f  deck be exposed by breaking, s l i d i n g ,  o r  
c rack ing  o r  warping o f  the  r o o f  covering, nor 
s h a l l  p o r t i o n s  o f  the r o o f  deck f a l l  away i n  the  
form o f  glowing p a r t i c l e s .  I n  add i t i on ,  t h e  
maximum al lowable spread-of-f lame d is tance  i s  
6 f t . f o r  a Class A t e s t  and 8 ft. f o r  a Class B 
t e s t .  The burning-brand t e s t  i s  cont inued u n t i l  
flame, glow and smoke disappear. No susta ined 
f laming  on t h e  underside of the  deck o r  product ion 
o f  f laming o r  g lowing brands o f  r o o f  m a t e r i a l  i s  
pe rmi t ted .  

Data A c q u i s i t i o n  

Test mon i to r ing  equipment inc luded a v ideocasset te  
record ing  system, an i n f r a r e d  temperature-sensing 
device, and a 35 mn camera. I n  add i t i on ,  d e t a i l e d  
q u a l i t a t i v e  observat ions were prov ided by t r a i n e d  
UL personnel.  The v ideo-casset te  record ing  system 
c o n s i s t s  of a tripod-mounted camera w i t h  a 10:l 
zoom lens, connected t o  a p o r t a b l e  VHS recorder .  
The record ings were used e x t e n s i v e l y  i n  p o s t - t e s t  
reviews t o  study the f a i l u r e  mechanisms, t a k i n g  
f u l l  advantage o f  frame-by-frame, slow-motion, and 
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s top-ac t ion  c a p a b i l i t y .  These fea tu res  prov ided a 
convenient means o f  understanding and charac te r i z -  
i n g  the  combustion mechanisms. 

The i n f r a r e d  temperature sensing device prov ided a 
simple and economical method of ob ta in ing  t ime- 
temperature p r o f i l e s  o f  candidate high-temperature 
back-surface m a t e r i a l s .  The temperature-monitor ing 
dev ice was normal ly  s ighted on a s i n g l e  p o i n t  o f  
the  module back-surface mate r ia l ,  b u t  could be used 
t o  scan o ther  p o i n t s  o f  i n t e r e s t ,  e.g., areas 
associated w i t h  bubbles formed on the  back-surface 
m a t e r i a l .  A d d i t i o n a l l y ,  the 35 mn camera prov ided 
e x c e l l e n t  v i s u a l  m a t e r i a l  f o r  presentat ions.  

The data from these mon i to r ing  devices, when 
analyzed i n  con junc t ion  w i t h  the  UL data summaries 
o f  each t e s t ,  al lowed rev iew by exper ts  no t  ab le t o  
wi tness t h e  tes ts ,  shortened the data reduc t ion  
phase and permi t ted  s e l e c t i o n  o f  a d d i t i o n a l  
candidate mater i a1 s t h a t  l e d  t o  advanced module 
con f igu ra t ions .  

TEST RESULTS 

A t y p i c a l  sequence o f  events r e s u l t i n g  i n  f a i l u r e  
i s  shown i n  F igure  5. Th is  represen ta t i ve  event 
p r o f i l e ,  taken by i n f r a r e d  scan, p l o t s  module back- 
sur face temperature versus time. A f t e r  securing 
t h e  i g n i t e d  brand on the  module, t h e  g lass super- 
s t r a t e  begins t o  bow upward, and t h e  back-surface 
m a t e r i a l  s t a r t s  t o  separate, forming b l i s t e r s .  
Approximately one minute a f t e r  brand placement, the  
t e g e r e d - g l a s s  supers t ra te  s h a t t e r s  and molten 
encapsulants and v o l a t i l e s  are i g n i t e d .  A f t e r  
another minute t h e  back cover rup tu res  due t o  
f a i l u r e  mechanisms such as r i p p i n g  o r  me l t ing .  
Once t h e  module back-surface i n t e g r i t y  i s  l o s t ,  
smoke and o t h e r  v o l a t i l e s  are f r e e l y  emitted, 
enabl ing t h e  back o f  the module t o  b u r s t  i n t o  
flame. The t o t a l  sequence l a s t s  an average of f i v e  
minutes f o r  a Class 8 brand, and less  f o r  a Class A 
brand. For comparison, the  f i g u r e  a lso shows the  
event p r o f i l e  f o r  an experimental module t h a t  
passed i t s  t e s t .  Note t h a t  even though t h e  g lass 
cracked a t  about the  same time, t h i s  sample's back 
sur face  d i d  n o t  rup tu re .  

k-' CLASS B BURNING BRAND TEST 

M N T  
GLASSSHITTERED I : IO 

L I I I I I I I , I I 
0 1 2 3 4 5 6 7 8 9 1 0  

TIME, mm 

Figure 5. Event p r o f i l e :  back-surface 
temperature versus t ime. 



Several key f i n d i n g s  r e s u l t e d  f rom e a r l y  module 
t e s t i n g  (4,5,6): 

(1) Module i n t e g r i t y  i s  d i f f i c u l t  t o  
mainta in .  When thermal s t resses s h a t t e r  
the  tempered-glass superst rate,  combus- 
t i b l e  v o l a t i l e s  are released and t h e  
encapsulant i s  exposed t o  d i r e c t  con tac t  
w i t h  the  burn ing brand. A Tedlar and/or 
po lyes te r  r e a r  f i lm then me1 ts ,  r e l e a s i n g  
combustibles i n t o  the  space below t h e  
module. This pene t ra t ion  of t h e  module 
back-surf ace m a t e r i a l  i s  ca tas t roph ic ,  
r e s u l t i n g  i n  t o t a l  l oss  o f  i n t e g r i t y  and 
subsequent d r i p p i n g  o f  f l aming  encapsul ant.  

The hea t ing  due t o  a burn ing brand i s  a  
h i g h l y  l o c a l  phenomenon. Module thermal 
c o n d u c t i v i t y  i s  r e l a t i v e l y  low, r e s u l t i n g  
i n  a severe temperature g rad ien t  i n  the 
v i c i n i t y  o f  the  brand. F i g u r e  6, 
rep resen ta t i ve  o f  data taken by i n f r a r e d  
scan, shows isothermal  contours o f  
back-surface temperatures as a f u n c t i o n  o f  
d is tance from the center  o f  a  Class B 
brand j u s t  before erupt ion.  Note t h a t  the  
isothermal  contour  labeled 1650F i s  on ly  
12 inches from the  center  o f  t h e  brand, 
and although the  back-surface area 
d i r e c t l y  under the  brand i s  a t  5150F, 
the temperature o f  the  top surface o f  t h e  
module i s  on the  order  o f  12000F. 

F i g u r e  6. Back-surf ace temperature d i s t r i b u t i o n  
f o r  Class B brand. 

(3) The maximum temperatures associated w i t h  
the  spread-of -f lame t e s t  are not  as severe 
as those associated w i t h  t h e  burning-brand 
t e s t .  F igure  7 shows a comparison f o r  a  
Class A spread-of-f lame t e s t  and a Class A 
burning-brand t e s t .  

(4)  Upon loss  o f  module i n t e g r i t y ,  the  t ime t o  
f a i l u r e  ( a t t i c  space exposed t ! ~  flames) 
can be delayed by p r o v i d i n g  a cont inuous 
subroof ing m a t e r i a l  beneath t h e  module, 
and can be f u r t h e r  delayed by b l o c k i n g  the  
j o i n t s  between t h e  subroof ing panels 
( i .e . ,  deck w i t h  b locked j o i n t s ) .  Th is  
de lay ing e f f e c t  i s  shown i n  F igure  8 f o r  
th ree  modules t h a t  f a i l e d ,  as compared 
w i t h  a module t h a t  was mounted on a deck 
w i t h  blocked j o i n t s  and whose back sur face 
remained i n t a c t .  

I I I 1 1 I 1 1 
0 1 2 3 4 5 6 7 8 9 1 0 1 1  

TIME. m 

F igure  7 .  Comparison o f  Class A p r o f i l e s ;  burn ing-  
brand versus spread-of-f lame t e s t s .  

F igure  8. E f f e c t  o f  Continuous subroof ing 
m a t e r i a l  beneath module. 

These e a r l y  f i n d i n g s  suggested t h a t  the  most 
promis ing approach was t o  improve module back- 
sur face i n t e g r i t y  through t h e  use o f  h igh-  
temperature mate r ia l s ,  and prov ided a bas is  t h a t  
enabled t h e  s e l e c t i o n  o f  a  number o f  candidate 
m a t e r i a l s  i n c l u d i n g  Kapton and high-temperature 
f i b e r g l a s s  c lo ths .  Because data ind ica ted  t h a t  the  
spread-of-f lame t e s t s  are no t  as severe as the 
burning-brand t e s t s ,  emphasis was placed on the  
Class A and B burning-brand t e s t s .  

A sunnnary o f  a l l  tes ts ,  i n c l u d i n g  d e s c r i p t i o n  o f  
high-temperature back-surface mater ia ls ,  i s  
presented i n  Table 3. Note t h a t ,  i n  some cases, 
module cons t ruc t ion  c h a r a c t e r i s t i c s  a f f e c t e d  the  
outcome of a  t e s t .  For  example, Con f igu ra t ion  9 
passed t h e  Class B brand t e s t  wh i le  Con f igu ra t ion  
10 f a i l e d .  This  was due t o  a p ressure -sens i t i ve  
adhesive system t h a t  p e r m i t t e d  the  s h r i n k i n g  
Tedlar-polyethy lene te reph tha la te -Ted la r  (T-P-T) 
layer  t o  separate from the Kapton, which has a 
high-temperature c a p a b i l i t y  o f  8500F - 1000oF, 
adequate f o r  t h e  Class B brand. The thermoset 
adhesive, on the  o ther  hand, bound t h e  T-P-T l a y e r  
t o  t h e  Kapton, which, having r e l a t i v e l y  poor t e a r  
s t reng th  and very poor r i p  propagation character-  
i s t i c s ,  y i e l d e d  when the  T-P-T l a y e r  began t o  m e l t  
and shr ink .  I n  con t ras t  t o  these cases, note t h a t  
i n  Con f igu ra t ions  7 and 8, the  l a r g e r  volume o f  
encapsulant prov ided enough f u e l  t o  permi t  tempera- 
t u r e s  i n  excess o f  850°F where the  Kapton f a i l e d .  
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Table 3. Descr ip t ion  o f  Mate r ia l s ,  Module Conf igurat ions,  
and Surrmary Resul ts  o f  F lammabi l i ty  Tests 

Module Pottant/Back-Cover Conf igurat ion*  

1. EVA/Kapton ( 1  m i l !  
2. PVB/Kapton ( 1  m i l !  
3. PVB/A-Kapton ( 1  mi 1  ) 
4. PVB/T-A-T/Kapton ( 1 mi 1  ) 
5. PVB/T-A-T/A-Kapton ( 1  mi 1  ) 
6. EVA/Kapton (2 m i l s )  
7. PVB/Kapton ( 2  m i l s )  
8. PVB/T-A-T/Kap ton  ( 2  mi 1  s)  
9. EVA/T-P-T/Kapton ( 2  m i l s ) ;  PS 
10. EVA/T-P-T/Kapton (2 m i l s ) ;  TS 
11. EVA/Kapton ( 3  m i l s )  
12. EVA/Kapton ( 3  m i l s ) ;  PS 
13. EVA/GRP 
14. PVB/GRP 
15. EVA/T ( 1  1/2 m i l s ) -P(5  m i l s ) -B lack  EVA(4X 
16. EVA/T-P-T/Energywave P a i n t  (15 mi 1s) 

17. EVA/Fiberglass-Fine-woven ( s t a b i  l i z e d )  
18. PVB/Refrasi l  (15 m i l !  
19. PVB/T-A-T/Ref r a s i  1  ( 15 mi 1) 
20. EVA/T-P-T/Fi berg lass-Fine-woven 

( s t a b i l i z e d ) ;  TS 
21 . EVA/T-P-T/Fi berglass-Fine-woven 

( s t a b i l i z e d ) ;  PS 
22. EVA/Fiberg lass-Si l icon Rubber ( 1  s ide)  
23. EVA/Fiherglass-Neoprene Rubber ( 1  s ide )  
24. EVA/Fi berg lass-Neoprene Rubber ( 2  s ides)  
25. EVA/Ref r a s i l  -coated 1 s ide  
26. PVB/Ref r a s i  1  -coated 1 s ide  
27. PVB/1584 Fiberg lass-coated 2 s ides 

28. EVA/Aluminum (3 m i l s )  i n  4 l a y e r  laminate k 9. EVA/T-P-T/Stainless S tee l  (2  mi 1s) ;PS 

Test Results** 

F l  ame 

0 

0 

0 
0 

0 
0 

0 
0 
0 

"6" Brand "A" Bran 

* PS-Pressure s e n s i t i v e  adhesive; TS-Thermoset adhesive; A-Aluminum; 
T-Tedlar; P-Polyethylene terephthalate;  GRP-Gila R ive r  Propr ie ta ry ;  

** @-Pass; 0 - F a i l  

Another i n t e r e s t i n g  example can be i l l u s t r a t e d  by 
comparing Conf igu ra t ions  25, 26 and 17. The 
R e f r a s i l  f a  r e l a t i v e l y  expensive g lass c l o t h )  was 
coated w i t h  a p r o p r i e t a r y  high-temperature m a t e r i a l  
t h a t  plugged t h e  pores o f  t h e  g lass c l o t h .  This 
candidate mate r ia l ,  Con f igu ra t ions  25 and 26, 
successfu l ly  passed t h e  Class A burning-brand t e s t ,  
w h i l e  modules w i t h  other  g lass  c l o t h s ,  
Con f igu ra t ion  17, were unable t o  pass t h e  less  
severe Class B burning-brand t e s t .  I n  these cases 
the  coa t ing  pyrolyzed, enabl ing t h e  encapsulant t o  
penetrate the  porous g lass c l o t h .  Fu tu re  t e s t s  
w i l l  use other  g lass c l o t h s  coated w i t h  t h e  p ro -  
p r i e t a r y ,  high-temperature m a t e r i a l  i n  an attempt 
t o  reduce cos ts  f u r t h e r .  
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SUMMARY 

Dur ing the t e s t  program a v a r i e t y  o f  candidate 
m a t e r i a l s  were i d e n t i f i e d  as cons is ten t  w i t h  
achiev ing Class A and B f i r e  r a t i n g s .  

The 2-mi l  Kapton, i n  c e r t a i n  con f igu ra t ions ,  was 
s u f f i c i e n t  t o  pass the Class B burning-brand t e s t  
and t h e  Class A spread-of - f  lame t e s t ,  where 
back -sur face temperature i s  around 9OOOF. The 
m a t e r i a l  s t re tched  t o  con ta in  t h e  b o i l i n g  
p o t t a n t s .  I n  o ther  2-mi l  con f igu ra t ions ,  the low 
res is tance  t o  t e a r  propagation, once the  m a t e r i a l  
was torn,  r e s u l t e d  i n  f a i l u r e  t o  ma in ta in  module 
i n t e g r i t y .  The 1 -mi l  Kapton does not  appear t o  



have s u f f i c i e n t  s t r e n g t h  t o  con ta in  t h e  b o i l i n g  
encapsulants. The Class A  brand temperatures 
exceeded t h e  temperature l i m i t a t i o n  o f  t h e  3-mi l  
Kapton. 

Two types o f  metal f o i l  laminates showed promise. 
A  3-mil  aluminum f o i l  i n  a  4 - layer  laminate 
success fu l l y  passed t h e  Class B burning-brand t e s t ,  
b u t  f a i l e d  t o  wi thstand Class A  brand tempera- 
tures.  A  2-mi l  s t a i n l e s s - s t e e l  f o i l  would have 
passed t h e  Class A  burning-brand t e s t  i f  i t s  edges 
had been b e t t e r  sealed. Although metal f o i l s ,  
e s p e c i a l l y  s t a i n l e s s  s tee l ,  are promising, t h e  
c lose  p r o x i m i t y  o f  a  m e t a l l i c  su r face  t o  t h e  PV 
c i r c u i t  w i l l  r e q u i r e  t h a t  t h e  meta l  be e l e c t r i c a l l y  
grounded f o r  sa fe ty  reasons. 

F iberg lass  c l o t h s  a l s o  achieved considerable 
success. Module con f igu ra t ions  able t o  pass t h e  
Class B burning-brand t e s t  and t h e  Class A  
spread-of-f lame t e s t  used a  f i b e r g l a s s  c l o t h  t h a t  
was coated o r  impregnated w i t h  a  m a t e r i a l  t h a t  
plugged t h e  pores. Re f ras i  1, a  chemica l l y  
processed f i b e r g l a s s  c l o t h ,  when impregnated w i t h  a  
high-temperature p r o p r i e t a r y  m a t e r i a l ,  success fu l l y  
passed t h e  Class A  burning-brand t e s t  a l though a  
l a r g e  amount o f  gases was emi t ted.  When f a i l u r e s  
occurred w i t h  g lass c l o t h s ,  they  g e n e r a l l y  r e s u l t e d  
from p o r o s i t y  o f  t h e  m a t e r i a l  t h a t  pe rmi t ted  
combustibles and v o l a t i  l e s  t o  pene t ra te  t h e  back 
sur face i n t o  t h e  space below t h e  module. 

I n  a d d i t i o n  t o  t h e  techn ica l  successes i n  
i d e n t i f y i n g  f i r e - r e s i s t a n t  module designs, t h e  t e s t  
approach a1 so worked ou t  exceedingly we1 1. Program 
coord ina t ion  by JPL brought together  a  number of 
d i ve rse  p a r t i c i p a n t s  i n  a  cost -shar ing,  co l labora -  
t i v e  program t h a t  has the  p o t e n t i a l  o f  b e n e f i t i n g  
bo th  mate r ia l  supp l ie rs  and t h e  PV i n d u s t r y  by 
making a v a i l a b l e  new m a t e r i a l s  f o r  use i n  f i r e -  
r a t a b l e  PV modules. The s i m p l i f i c a t i o n  o f  c o s t l y .  
and r e l a t i v e l y  complex t e s t  procedures t o  focus on 
t h e  key elements and parameters a f f e c t i n g  t h e  t e s t  
outcome l e d  t o  e f f e c t i v e  use o f  t h e  t e s t  f a c i l i t y .  
The v ideocasset te  record ing  system proved t o  be an 
e f f e c t i v e  means o f  enabl ing rev iew and ana lys is  o f  
the  data by t h e  broad range o f  techn ica l  specia- 
l i s t s  and m a t e r i a l  supp l ie rs .  Fu tu re  e f f o r t s  w i l l  
concentrate on more c o s t - e f f e c t i v e  m a t e r i a l s  and 
w i l l  assess f i r e - t e s t  impact on module edges and 
a r ray  j o i n t s .  
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