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ABSTRACT 

Burt  H i l l  Kosar Ki t te lmann A s s o c i a t e s  h a s  conducted a  s t u d y  Po i d e n t i f y  

d e s i g n  requ i rements  f o r  p h o t o v o l t a i c  module9 and a r r a y s  used i n  r e s i d e n -  

t i a l  a p p l i c a t i o n s .  

Bui ld ing  codes  and r e f e r e n c e d  s t a n d a r d s  were reviewed f o r  t h e i r  a p p l i -  

c a b i l i t y  t o  r e s i d e n t i a l  p h o t o v o l t a i c  a r r a y  i n s t a l l a t i o r i s .  Four i n s t a l l a -  

t i o n  t y p e s  were i d e n t i f i e d  - i n t e g r a l  ( r e p l a c e s  r o o f i n g > ,  d i r e c t  (mounted 

on t o p  of r o o f i n g ) ,  s t and-of f  (mounted away from r o o f i n g ) ,  and r a c k  ( f o r  

f l a t  o r  low slop'e r o o f s ,  o r  ground mounted). I n s t a l l a t i o n  c o s t s  were 

developed f o r  t h e s e  mounting t y p e s  a s  a  f u n c t i o n  o'f pnne . l /moda le  s i .zc>.  

Cost  d r i v e r s  were i d e n t i f i e d .  S t u d i e s  .were performed t o  i d e n t i f y  o p t  i- 

mum module shapes  and s i z e s  and o p e r a t i n g  v o l t a g e  c o s t  d r i v e r s .  The 

g e n e r a l  c o n c l u s i o n  i s  t h a t  t h e r e  a r e  no p e r c e i v e d  major o b s t a c l e s  t o  t h e  

u s e  of p h o t o v o l t a i c  modules i n  r e s i d e n t i a l  a r r a y s .  However, t h e r e  i s . n o  

a p p l i c a b l e  b u i l d i n g  code c a t e g o r y  f o r  r e s i d e n t i a l  p h o t o v o l t a i c  modules 

and a r r a y s  and e a r l y  a d d i t i o n a l  work i s  needed w i t h  s t a n d a r d s  w r i t i n g  

o r g a n i z a t i o n s  t o  develop r e s i d e n t i a l  module and a r r a y  requ i rements .  
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S e c t i o n  1 

SUMMARY 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a  s t u d y  conducted by Burt H i l l  Kosar 

Ri t t e lmann  A s s o c i a t e s .  The o b j e c t i v e  of t h e  s t u d y  was t o  de te rmine  de- ' 

s i g n  requ i rements  f o r  r e s i d e n t i a l  p h o t o v o l t a i c  modules and a r r a y s .  The 

approach used i n  accompl i sh ing  t h e s e  o b j e c ~ i v e s  was t o  review e x i s t i n g  
# 

b u i l d i n g  codes  and t h e i ;  r e f e r e n c e d  s t a n d a r d s  f o r  t h e i r  a p p l i c a b i l i t y  t o  

r e s i d e n t i a l  p h o t o v o l t a i c  module and a r r a y  i n s t a l l a t i o n s ;  t o  conduct 

s t u d i e s  of impor tan t  a t t r i b u t e s  of t h e  r e s i d e n c e  t o  t h e  a r r a y ,  and a t t r i -  

b u t e s  of t h e  modules and a r r a y s  t o  t h e i r  i n s t a l l a t i o n ;  and t o  d e s i g n  and 

c o s t  a  number of a r r a y  mounting i n s t a l l a t i o n  t y p e s  t o  de te rmine  c o s t  

d r i v e r s .  - 

The U.  S. hous ing  i n d u s t r y  i s  l a r g e  and complex b u t  dominated by b u i l d e r s  

c o n s t r u c t i n g  fewer ' than 25 u n i t s  p e r  y e a r .  Because of t h i s ,  i t  is  an  

i n d u s t r y  which r e l i e s  on laws--building codes--to e s t a b l i s h  a  minimum 

l e v e l  of c o n s t r u c t i o n  t o  p r o t e c t  t h e  consumer, t h e  home buyer .  Support-  

i n g  b u i l d i n g  codes  (laws) a r e  s t a n d a r d s ,  which a r e  v o l u n t a r y  and h e l p  

i n t e r p r e t  and measure t h e  law, and manuals o f  a c c e p t e d  p r a c t i c e ,  which 

a d v o c a t e  a p p r o p r i a t e  i n s t a l l a t i o n s  and c o n s t r u c t i o n s .  I n t e r p r e t a t i o n  of 

t h e  laws (codes)  i s  l e f t  w i t h  t h e  l o c a l  b u i l d i n g  code o f f i c i a l ,  who may 

r e j e c t  a  p roduc t  i f ,  i n  h i s  e s t i m a t i o n ,  it does  n o t  meet code.  To become 

a r e a l i t y ,  r e s i d e n t i a l  p h o t o v o l t a i c  power sys tems w i l l  have t o  comply 

w i t h  t h i s  e x i s t i n g  framework. 

To t h a t  end,  e x i s t i n g  b u i l d i n g  codes  and t h e i r  r e f e r e n c e d  s t a n d a r d s  were , ,  

reviewed t o  de te rmine  what,  i f  any,  a p p l i c a b l e  requ i rements  may be  imposed 

on p h o t o v o l t a i c  modules and a r r a y s .  Although t h i s  r ev iew produced d e s i g n  

i m p l i c a t i o n s  f o r  modules and a r r a y s ,  one major r e s u l t  o f  t h e  review i s  

t h a t  t h e r e  i s  no c u r r e n t  b u i l d i n g  code c a t e g o r y  f o r  p h o t o v o l t a i c  power 

sys tems,  i n  g e n e r a l .  Consequently,  l o c a l  b u i l d i n g  .code o f f i c i a l s  can 

a r b i t r a r i l y  c a t e g o r i z e  modules and a r r a y s  s o  t h a t  undue r e s t r i c t i o n s  o r  

o u t r i g h t  r e j e c t i o n  can occur .  To p reven t  t h i s ;  r equ i rements  f o r  r e s i -  

d e n t i a l  p h o t o v o l t a i c  power sys tems  shou ld  b e  developed by t h e  consensus  

p r o c e s s  and ,  s i n c e  t h i s  i s  a new e v o l v i n g  t echnology ,  t h e s e  requ i rements  ' 



: shou ld  be couched i n  t h e  language of performance s t a t e m e n t s  ( " c r i t e r i a t ' )  

t h a t  a r e  f l e x i b l e  enough t o  permit  r a t h e r  than  i n h i b i t  new technology.  

A. s t a r t  on  t h i s  document i s  p r e s e n t e d  i n  Appendix 19. For  t h e  long-term, 

however, work shou ld  b e g i n  w i t h  t h e  Model Code groups t o  form working 

commit tees  t o  b e g i n  deve lop ing  d r a f t  code requ i rements  u s i n g  t h e  p e r f o r -  
- 

mance c r i t e r i a  as i t s  b a s i s .  

S i n c e  i t  t a k e s  a b o u t  f o u r  y e a r s  t o  modify t h e  Na.tiona1 E l e c t r i c a l  Code 

(NEC), t h e  NEC committee shou ld  be  c o n t a c t e d  immediate ly  t o  form a photo- 

v o l t a i c  subcommittee. S i n c e  p h o t o v o l t a i c  sys tems are e l e c t r i c a l  i n  

n a t u r e ,  compliance t o  t h e  requ i rements  of.  t h e  NEC w i l l  b e  r e q u i r e d .  For 

t h e  n e a r  t e r n ,  performance c r i t e r i a  shou ld  be  used .  For t h e  l o n g  term,  

c l a s s i f i c a t i o n  o f  t h e  p h o t o v o l t a i c  sys tem a s  a "Premanufactured I t em 

w i t h  I n t e r n a l  Wiring" would o f f e r  t h e  most l a t i t u d e  f o r  p roduc t  develop- 

ment w h i l e  s t i l l  p r e s e r v i n g  t h e  n e c e s s a r y  s a f e t y  requ i rements .  

P roduc t  a p p r o v a l  of modules i s  n e c e s s a r y  f o r  t h e i r  e v e n t u a l  a c c e p t a n c e  by 

l o c a l  b u i l d i n g  code o f f i c i a l s .  E a r l y  work i s  needed w i t h  approved n a t i o n -  

a l l y  recognized t e s t i n g  l a b o r a t o r i e s  t o  f a m i l i a r i z e  them w i t h  p h o t o v o l t a i c  

modules. (Underwri ters  L a b o r a t o r i e s ,  Inc ; ,  i s  c u r r e n t l y  under c o n t r a c t  

t o  t h e  JPLILSA P r o j e c t  t o  i n v e s t i g a t e  s a f e t y  r e q u i r e m e n t s  f o r  modu.les 

and a r r a y s . )  

Although t h e r e  a r e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  n o t  hav ing  an  a p p l i c a b l ~  

code c a t e g o r y ,  t h e s e  a r e  b e l i e v e d  r e s o l v a b l e ;  t h e  g e n e r a l  c o n c l u s i o n  of 

t h e  codes  and s t a n d a r d s  rev iew i s  t h a t  t h e r e  a r e  no perce ived  o b s t a c l e s  

t o  t h e  e v e n t u a l  u s e  o f  p h o t o v o l t a i c  modules and a r r a y s  i n  r e s i d e n t i a l  

power systems. - 

Fol lowing  t h e  codes  and s t a n d a r d s  rev iew,  s t u d i e s  o f  impor tan t  r e s i d e n c e  

and a r r a y  a t t r i b u t e s  were  conducted,  and d e s i g n  and c o s t i n g  of p o s s i b l e  

a r r a y  mounting c o n f i g u r a t i o n s  were  performed. Module c o s t s  were n o t  

c o n s i d e r e d .  However, a l l  p e r i p h e r a l  c o s t s  a s s o c i a t e d  w i t h  t h e  s u p p o r t ,  

i n s t a l l a t i o n ,  and w i r i n g  of modules t o  form a r r a y s  were s t u d i e d .  The 
2 

a r r a y  a r e a  was f i x e d  a t  1000 f t  t o  pe rmi t  n o r m a l i z a t i o n  of t h e  r e s u l t s .  

The s t u d i e s ,  as was t h e  codes  and s t a n d a r d s  rev iew, -were  conf ined  t o  t h e  

module and a r r a y  and n o t  t h e  e n t i r e  p h o t o v o l t a i c  sys tem.  



From t h e s e  s t u d i e s ,  i t  w a s  determined t h a t  a n  i n t e g r a l l y  mounted a r r a y ,  

wherein  m o d u l e s ' a r e  a  s t r u c t u r a l  r o o f  member, composed of 32 by 96 i n c h  

panel /modules  e l e c t r i c a l l y  connected u s i n g  a  modular quick-connect term- 

i n a t ' i o n  sys tem was optimum from a  c o s t  and a e s t h e t i c s  s t a n d p o i n t .  The 
L i n s t a l l e d  c o s t  o f  t h i s  a r r a y  c o n f i g u r a t i o n  i s  $28.30/m (1975$) o r  

$39. 70/m2 (1980$). The d i r e c t  mounting c o n f i g u r a t i o n ,  where in  modules 

are a t t a c h e d  t o  t h e  roof  over  t h e  waterproof  membrane, had t h e  n e x t  low- 
2  2  

e s t  i n s t a l l e d  c o s t  o f  $30.60/m (1975$) o r  $42.90/m , (1980$) ,  and was 

a e s t h e t i c a l l y  a c c e p t a b l e .  S tandof f  and. r a c k  mounting were  most expens ive  

and had q u e s t i o n a b l e  a e s t h e t i c s .  ' 

A e s t h e t i c  c o n s i d e r a t i o n s  p l a y  a prominent p a r t  i n  t h e  shap ing  of new 

p r o d u c t s  f o r  t h e  hous ing  i n d u s t r y .  P h o t o v o l t a i c  a r r a y  manufac tu re r s  

shou ld  be  v e r y  concerned over  t h e  v i s u a l  e f f e c t  of t h e  a r r a y .  S t u d i e s  

performed i n  t h i s  c o n t r a c t  i n d i c a t e  t h a t  t h e  module and a r r a y  should 

approximate  t h e  m a t t e l i k e  (non-glare)  t e x t u r e  of t h e  r o o f ;  b e  r e c t a n g u l a r  

( a s p e c t  r a t i o  o f  approx imate ly  2  t o  1 ) ;  a n d . b e  a  d a r k  e a r t h  t o n e  s i m i l a r  

t o  su r rounding  roof  m a t e r i a l .  The a r r a y  shou ld  l i e  i n  and b e  a con t inua-  

= i o n  of t h e  roof  .p lane a n d - i t s  t e x t u r e .  The a r r a y  shou ld  n o t  c r e a t e  a  

dominant,  e a s i l y  i d e n t i f i a b l e  p a t t e r n .  Also ,  t h e  a r r a y  shou ld  b e  a s  

s m a l l  a s  p o s s i b l e  t o  a v o i d  b e i n g  a dominant m o n o l i t h i c  f e a t u r e ,  p r e f e r -  
2 2 a b l y  800 f t  (74 m ) o r  l e s s .  From t h e  a e s t h e t i c  s t a n d p o i n t ,  i n t e g r a l  

and d i r e c t  mounted a r r a y s  a r e  p r e f e r r e d .  

I n t e g r a l  and d i r e c t  mounted a r r a y s  would b e  c o n s i d e r e d  r o o f i n g  m a t e r i a l  

by b u i l d i n g  code i n s p e c t o r s .  T h i s  i s  a n  advan tage  because  r o o f i n g  mate- 

r i a l s  a r e  r e q u i r e d  t o  be  q u a l i f i e d  t o  UL 790, "Tes t s  f o r  F i r e  R e s i s t a n c e  

of Roof Cover ing M a t e r i a l s , "  C l a s s  A, B, o r  C ,  which q u a l i f i e s  t h e  roof-  

i n g  as a n  e n t i t y .  Although f u r t h e r  i n v e s t i g a t i o n  i s  needed t o  de te rmine  

which f i r e  c l a s s  i s  a p p r o p r i a t e ,  t h e  r e q u i r e m e n t s  imposed on s t a n d o f f  and 

r a c k  mounted a r r a y s  a r e  more s e v e r e .  

s t a n d o f f  and r a c k  mounted arrays would be  cons idered  a s  "roof  p a n e l s , "  

which impose requ i rements  on roof-mounted p l a s t i c s .  S p e c i f i c a l l y ,  t h e  

p l a s t i c  e n c a p s u l a n t s  must b e  code-approved, q u a l i f i e d  s e p a r a t e l y  ( n o t  i n  

a n  e n c a p s u l a t i o n  system) by a  n a t i o n a l l y  recognized  t e s t i n g  l a b o r a t o r y  . 



t o  be  in-conformance t o  t h e  code-spec i f i ed  t e s t ,  ASTM D 635, "Flammabili ty 

of Rig id  P l a s t i c s  Over 0 .05 Inches  i n  Thickness . ' '  Then, once t h e  p l a s t i c  

m a t e r i a l s  a r e  s e p a r a t e l y  q u a l i f i e d ,  t h e  t o t a l  roof a r e a  of t h e  encapsu- 

l a t e d  m a t e r i a l s  (now i n  modules) i s  f u r t h e r  l i m i t e d  by t h e  codes  from 20 

p e r c e n t  of t h e  f l o o r  a r e a  ( s t a n d a r d  roof  c o v e r i n g  f i r e  r e s i s t a n c e )  to 30 

percen t  of t h e  f l o o r  a r e a  ( h i g h e s t  degree  of f i r e  r e s i s t a n c e ) .  For . . 
2 

example,  a 2000 f t  r e s i d e n c e  would b e  l i m i t e d  t o  between 400 and 
2 

600 f t  t o  approved p l a s t i - c  m a t e r i a l s  (modules) mounted on t h e  r o o f .  

Of t h e  modules, themse lves ,  a 32 by 96 i n c h  panel/module,  weighing 50 t o  

60 pounds, i s  optimum f o r  e a s e  of i n s t a l l a t i o n  and c o s t .  Array i n s t a l -  

l a t i o n s  u s i n g  modules s m a l l e r  t h a n  32 by 96 i n c h e s  a r e  f a r  more expens ive  

because  o f  i n c r e a s e d  w i r i n g  c o s t s  t o  connect  t h e  modules i n t o  a p a n e l ,  

i n c r e a s e d  p a n e l  s t r u c t u r a l  c o s t s  t o  s u p p o r t  t h e  module, and i n c r e a s e d  

g a s k e t  o r  s e a l a n t  t o  p r o v i d e  w a t e r p r o o f i n g .  

Array w i r i n g  c o s t s  i n c r e a s e  g r e a t 1 y . a ~  module s i z e  i s  reduced b u t  do n o t  

v a r y  s i g n i f i c a n t l y  among t h e  f o u r  a r r a y  mounting c o n f i g u r a t i o n s .  Wiring 

c o s t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  b ranch  c i r c u i t  v o l t a g e  l e v e l ,  t h e  

optimum (minimum) be ing  between 100 Vdc and 300 Vdc. E l e c t r i c a l  termi-  

n a t i o n s  a r e  t h e  p r i n c i p a l  c o s t  d r i v e r s  f o r  a r r a y  branch c i r c u i t  w i r i n g ,  

a l t h o u g h  a modular q u i c k  conne.ct w i r i n g  system can be  s i g n i f i c a n t l y  l e s s  

expens ive  than j u n c t i o n  box wi r ing '  sys tems p a r t i c u l a r l y  when t h e  branch 

c i r c u i t  w i r i n g  i s  exposed t o  wea ther .  However, u n t i l  such  t ime  as a 

modular quick-connect sys tem i s  developed and code-approved, t h e  J-box 

sys tem should b e  used.  Copper w i r e ,  No. 14 AWG, shou ld  b e  used.  1n' d r y  

l o c a t i o n s ,  non-metal l ic  shea thed  (Type NM) o r  armored (Type BX) c a b l e  

s h o u l d  b e  used. . I n  wet l o c a t i o n s ,  underground f e e d e r  and  branch c i r c u i t  

(Type UF) c a b l e  shou ld  be  used.  Although w i r e  s i z e s  s m a l l e r  i n  d i a m e t e r  

t h a n  No. 14 AWG cou ld  be used,  t h e  g r e a t e r  volume produc t ion  of No. 14 

AWG g i v e s  i t  s i g n i f i c a n t  economic advantage.  

I n  g e n e r a l ,  grounding i s  r e q u i r e d ,  p a r t i c u l a r l y  when m e t a l  module suppor t  

f rames a r e  used.  Module and a r r a y  d e s i g n s  t h a t  can demons t ra te  e f f e c t i v e  

e l e c t r i c a l  i s o l a t i o n ,  as v e r t f i e d  by a n a t i o n a l l y  recognized  t e s t i n g  



l a b o r a t o r y ,  may be g r a n t e d  a n  exemption. For modules and a r r a y s ,  a  50 

' p s f  d e s i g n  load  w i l l  be a c c e p t a b l e  f o r  o v e r  90 p e r c e n t  of t h e  U.S. I n  

a r e a s  w i t h  snow l o a d s  g r e a t e r  t h a n  40 psf - p o r t i o n s  o f  t h e  N o r t h e a s t ,  

t h e  Rocky Mountains,  and Northwest - a  h i g h e r  d e s i g n  l o a d  o r  d i f f e r e n t  

i n s t a l l a t i o n  may be n e c e s s a r y .  

F i n a l l y ,  modules  and a r r a y s  should be  des igned t o  b e  maintenance-free  

and have a  d e s i g n  l i f e  o f  20 y e a r s  o r  more, which i s  c o n s i s t e n t  w i t h  

r o o f i n g  m a t e r i a l s .  To minimize a  dominant a e s t h e t i c  e f f e c t ,  a r r a y  s i z e s  
2  

shou ld  be as s m a l l  as p o s s i b l e ,  p r e f e r a b l y  800 f t 2  (74 m ) o r  l e s s .  T h i s  

i m p l i e s  t h a t  module e f f i c i e n c i e s  shou ld  b e  as h i g h  as poss ib le - -  1 3 . 5 ' p e r -  

c e n t  o r  g r e a t e r .  . 



S e c t i o n  2 

INTRODUCTION 

I 'I'llis f ina l .  r e p o r t  documents a' s t u d y  of  d e s i g n  recluirc!ments f o r  photo- 

v o l t a i c  modules and a r rays .  used i n  r e s i d e n t i a l  a p p l i c a t i o n s .  The s t u d y  

was p'erformed by Burt  H i l l  Kosar--Rit telmann A s s o c i a t e s  f o r  t h e  Engineer-  

i n g  Area o f  t h e  J e t  .P ropu l s ion  L a b o r a t o r y ' s  Low-Cost S o l a r  Array P r o j e c t  

under c o n t r a c t  number 955149 a s  a  p a r t  o f  t h e  U.S. Depar.tment of  Energy 's  

S o l  ;kr Photovol. t a i c  Convers ion Program. 

The  pr imary emphasis o f  t h e  s t u d y  was on t h e  d e s i g n  r e q u i r e m e n t s  imposed 

on t h e  p h o t o v o l t a i c  module, p a n e l ,  and a r r a y  by t h e  r e s i d e n c e .  These 

i ~ n p o s i t i o n s  a r e  t h e  d i r e c t  r e s u l t  of t h e  way homes a r e  b u i l t  today and 

;I:.; t h e y  wi l l .  b e  b u i l t  i n  1986,  and a r e  .embodied i n  t h e  documents w h i c h  

I di rec : t  t h e  d e s i g n  and c o n s t r u c t i o n  of  r e s i d e n c e s ,  namely,  b u i l d i n g  codes  

and t h e i r  r e f e r e n c e d  s t a n d a r d s ,  and manuals o f  a c c e p t e d  p r a c t i c e .  The 

s t u d y  was conducted from t h e  v iewpoin t  of a n  a r c h i t e c t ,  a r c h i t e c t /  

I e n g i n e e r ,  o r  d e v e l o p e r  engaged t o  d e s i g n  homes u s i n g  r e s i d e n t i a l  photo- 

v o l t a i c  power sys tems .  

The d i r e c t  o b j e c t i v e s  of  t h i s  s t u d y  were:  

a I d e n t i f y  e l e c t r i c a l  and mechanical  d e s i g n  r e q u i r e m e n t s  f o r  

p h o t o v o l t a i c  modules and a r r a y s  used i n  t h e  r e s i d e n t i a l  s e c t o r .  

a Determine i n s t a l l a t i o n  c o s t  s e n s i t i v i t i e s  and t h e i r  e f f e c t  on 

module and a r r a y  d e s i g n .  

a Eva lua te  module s i z e s  and shapes  t o  d e t e r m i n e  t h e  optimum. 

a Eva lua te  a r r a y  o p e r a t i n g  v o l t a g e  t o  de te rmine  t h e  optimum. 
, .. 

The approach used  i n  accompl i sh ing  t h e s e  ob jec t i ives  was t o  review e x i s t -  

i n g  b u i l d i n g  codes  and t h e i r  r e f e r e n c e d  s t a n d a r d s  f o r  t h e i r  a p p l i c a b i l i t y  

t o  r e s i d e n t i a l  ' p h o t o v o l t a i c  module and a r r a y  i n s ' t a l l a t i o n s  ; t o  conduct  

s t u d i e s  o f  impor tan t  a t t r i b u t e s  of  t h e  res ic lence  t o  th,e a r r a y ,  and 

a t t f i b u t e s  of t h e  modules and a r r a y s  t o  t h e i r  i n s t a l l a t i o n ;  and t o  

d e s i g n  and c o s t  a  number of a r r a y  mounting i n s t a l l a t i o n  types ,  t o  d e t e r -  

mine c o s t  d r i v e r s .  The r e s u l t s  of  t h a t  e f f o r t  a r e  p r e s e n t e d  i n  t h i s  



/ 

2.1. TERMINOLOGY 

Terminology used i n  t h e  f i n a l  r e p o r t  a r e  i l l u s t r a t e d  i n  F i g u r e  1. These 

come from t h e  p r e l i m i n a r y  ' s e t  of p h o t o v o l t a i c  t e rmino logy  and d e f i n i t i o n s  

e s t a b l i s h e d  i n  1978 by members of  t h e  P h o t o v o l t a i c s  Program. The term 

" R e s i d e n t i a l  P h o t o v o l t a i c  Power System" was n o t  i n  t h e  o r i g i n a l  d e f i n i -  

t i o n s ,  b u t  i s  provided f o r  comple teness .  

2 .2  REPORT FORMAT 

T h i s  r e p o r t  i s  d i v i d e d  i n t o  t h e  f i n a l  r e p o r t  and i t s  append ices .  The 

f i n a l  r e p o r t  i s  a  d i s t i l l a t i o n . : o f . t h e  e n t i r e  s t u d y  and i t s  i m p l i c a t i o n s  

on p h o t o v o l t a i c  module and a r r a y  d e s i g n  f o r  t h e  r e s i d e n t i a l  s e c t o r .  

Each summary t o p i c  Pn t h e  f i n a l  r e p o r t  r e f e r e n c e s  one o r  .more append ices .  

I t  i s  i n  t h e  append ices  t h a t  t h e  many f a c e t s  of t h e  o v e r a l l  s t u d y  a r e  

r e v e a l e d .  Each a p p e n d i x . . i s  a  working paper  on a  r e s i d e n t i a l  t o p i c ,  o r  

t h e  d o c u m e n t a f i o n ~ o f  a  s t u d y  impor tan t  t o  module and a r r a y  d e s i g n .  

The append ices  a r e  i n c l u d e d  w i t h  t h e  f i n a l  r e p o r t  a s  a n  a i d  t o  anyone 

who d e s i r e s  t o  d e l v e  more d e e p l y  i n t o  t h e  i n d i v i d u a l  t o p i c s .  Each,appen-  

d i x  b e g i n s  w i t h  i t s  purpose ,  i t s  c o n c l u s i o n s ,  and any recommendations. 

2 . 3  COST BASES 

C o s t s  p r e s e n t e d  i n  t h e  f i n a l  r e p o r t  and append ices  a r e  expressed  i n  

1975 c o n s t a n t  d o l l a r s  u n l e s s  s t a t e d  o t h e r w i s e .  C o s t s  were developed i n  

f i r s t  q u a r t e r  1978 d o l l a r s  and conver ted  t o  c o n s t a n t  1975 d o l l a r s  by 

u s e  of  t h e  ~ ~ ~ - s u ~ ~ l i e h  p r i c e  d e f l a t o r ,  1 .201.  To . c o n v e r t  t o  c o n s t a n t  

1.980 d o l l a r s ,  t h e  v a l u e  i n  1975 d o l l a r s  shou ld  b e  m u l t i p l i e d  by 1.401.  

2.4 UNITS 

D e s p i t e . a t t . e m p t s  t o  change i t ,  t h e  r e s i d e n t i a l  c o n s t r u c t i o n : . i n d u s t r y  

remains  r o o t e d  i n  t h e  E n g l i s h  sys tem of  u n i t s .  It is  n o t  a n t i c i p a t e d  

t h a t  t h e  conirers ion o f  t h e  i n d u s t r y  t o  S I  u n i t s  w i l l  be e a s y  o r  p a i n l e s s .  



SOLAR CELL 

SOLAR CELL--THE BASIC PHOTOVOLTAIC 
DEVICE WHICH GENERATES ELECTRICITY 
WHEN EXPOSED TO SUNLIGHT 

MODULE--THE SMALLEST COMPLETE, 
ENVIRONMENTALLY PROTECTED ASSEMBLY 
OF SOLAR CELLS AND OTHER COMPONENTS 
(INCLUDING ELECTRICAL TERMINATIONS) 
DESIGNED TO GENERATE DC POWER WHEN 
UNDER UNCONCENTRATED TERRESTRIAL SUN- . 

MODULE 

/ 
LIGHT 

, PANEL--A COLLECTION OF ONE OR MORE 
MODULES FASTENED TOGETHER, FACTORY 
PREASSEMBLED AND WIRED, FORMiNG A 
FIELD INSTALLABLE UNIT 

ARRAY--A MECHANICALLY INTEGRATED 
ASSEMBLY OF MODULES TOGETHER WITH 
SUPPORT STRUCTURE AND OTHER COMPONENTS, 

'AS REQUIRED, TO FORM A FIELD INSTALLED DC ARRAY 

POWER PRODUCING UNIT 
BRANCH 

BRANCH CIRCUIT--A NUMBER OF MODULES OR 
PARALLELED MODULES CONNECTED IN SERIES 
TO PROVIDE DC POWER AT THE SYSTEM 
VOLTAGE LEVEL 

RESIDENTIAL PHOTOVOLTAIC POWER SYSTEM-- I 
THE AGGREGATE OF ALL BRANCH CIRCUITS 
(ARRAY(S)) TOGETHER WITH AUXILIARY SYS- I 
TEMS (POWER CONDITIONING, WIRING, PRO- I 
TECTION, CONTROL, UTILIlY INTERFACE) AND I 
FACILITIES REQUIRED TO CONVERT TERRESTRIAL 1 
SUNLIGHT INTO ELECTRICAL ENERGY SUITABLE 1 FOR CONNECTION TO A RESIDENCE'S 
ELECTRICAL DISTRIBUTION SYSTEM OR A 
UTlL l lY  ELECTRIC POWER GRID 

Figure  1. R e s i d e n t i a l  P h o t o v o l t a i c  System Terminology 



I n  f a c t ,  a lmost '  a l l  b u i l d i n g  c o d e s  and t h e i r  r e f e r e n c e d  s t a n d a r d s  u s e  

E n g l i s h  u n i t s .  R a t h e r  t h a n  i n d i s c r i m i n a n t l y  c o n v e r t  a l l  measurements  t o  

S I  u n i t s ,  i t  w a s  d e c i d e d  t o  l e a v e  t h e  E n g l i s h  u n i t s  a s  b e s t  r e p r e s e n t a -  

t i v e  o f  t h e  i n d u s t r y  t o d a y .  



S e c t i o n  3 

CHARACTERISTICS OF THE RESIDENTIAL HOUSING INDUSTRY 

Tti deve lop  module and a r r a y  requ i rements  f o r  r e s i d e n t i a l  pho tovo l t a ic .  

a p p l i c a t i o n s ,  i t  i s  n e c e s s a r y  t o  f i r s t  unders tand  t h e  c h a r a c t e r i s t i c s  

of  t h e  r e s i d e n t i a l  hous ing  i n d u s t r y .  'These c h a r a c t e r i s t i c s  a r e  t h e  b a s i s  

f o r  i m p l i c i t  d e s i g n  requ i rements  f o r  p r o d u c t s  i n  t h a t  s e c t o r  and must be 

c o n s i d e r e d ,  p a r t i c u l a r l y  i f  r e s i d e n t i a l  p h o t o v o l t a i k  sys tems a?e  t o  

become commonplace. 

3 .1 HOUSING INDUSTRY OVERVIEW 

The U.S. hous ing  i n d u s t r y ,  probably  t h e  most complex of  a l l  i n d u s t r i e s ,  

i n v o l v e s  o v e r  6 m i l l i o n  peop le  and a c c o u n t s  f o r  f i v e  p e r c e n t  of t h e  

Gross  N a t i o n a l  P roduc t  (GNP). To s u p p o r t  t h e  home buyer  t h e r e  a r e  n i n e  

c a t e g o r i e s  of a c t i v i t y :  l a n d  a c q u i s i t i o n  and p r e p a r a t i o n ,  f i n a n c i n g ,  

c o n t r a c t  c o n s t r u c t i o n ,  b u i l d i n g  t r a d e  u n i o n s ,  t r a d e  and p r o f e s s i o n a l  

g roups ,  a r c h i t e c t s  and e n g i n e e r s ,  m a t e r i a l  m a n u f a c t u r e r s  and S u p p l i e r s ,  

marke t ing  and s a l e s ,  and government (code)  o f f i c i a l s .  Most o f t e n  t h e s e  

g roups  a c t  independen t ly  w i t h  no s t r o n g  o v e r a l l  management d i r e c t i o n .  

Only t h e  major d e v e l o p e r s  a t t e m p t  t o  j o i n  some of t h e s e  g-oupsC 

The i n d u s t r y  i s  h i g h l y  f ragmented.  B u i l d e r s  c o n s t r u c t i n g  l e s s  than  

100 u n i t s  per  y e a r  accoun t  f o r  n i n e t y  p e r c e n t  of t h e  hous ing  market .  

The l a r g e s t  b u i l d e r  co .ns t ruc t s -  l e s s  t h a n  'one p e r c e n t  o f  new u n i t s  

a n n u a l l y .  With t h e  c y c l i c a l  n a t u r e  o f  t h e  hous ing  i n d u s t r y ,  and i t s  

complex s t r u c t u r e ,  s u r v i v a l  i n  t h e  i n d u s t r y  i s  t h e  r e s u l t  of  s h a r p e n i n g  

o f  b u s i n e s s  s k i l l s .  Few l a r g e  c o r p o r a t i o n s  cou ld .  s u r v i v e  such market  

f l u c t u a t i o n s .  The e n t r e p r e n e u r i a l  n a t u r e  o f  many b u s i n e s s e s  throughout  

t.he i n d u s t r y  keeps  . c o m p e t i t i o n  keen.  

P r o d u c t s  d e s i g n e d ' f o r  t h i s  i n d u s t r y  have t o  be  s i m p l e  t o  i n s t a l l .  Due 

t o  i t s  c y c l i c a l  n a t u r e ,  u n s t a b l e  employment e x i s t s  f o r  a lmos t  50 p e r c e n t  

of t h e  c o n s t r u c t i o n  w o r k ' f o r c e ,  r e s u l t i n g  i n  a  f l u c t u a t i n g  s k i l l  l e v e l  

a t  t h e  c o n s . t r u c t i o n  s ' i t e .  



Although i n n o v a t i o n  o c c u r s  i n  t h e  hous ing  i n d u s t r y ,  t h e  i n d u s t r y  a s  a  

- wiiole i s  t e c h n i c a l l y  c o n s e r v a t i v e .  B u i l d e r s  a r e  r e l u c t a n t  t o  c o n s i d e r  

i n n o v a t i o n  i n  a  s h r i n k i n g  market  w h i l e  i n  a n  expanding market  t h e r e  i s  

no i n c e n t i v e  t o  change s i n c e  hous ing  demand exceeds  s u p p l y .  

It i s  t h e  s m a l l  b u i l d e r ,  c o n s t r u c t i n g  fewer t h a n  25 u n i t s  p e r  y e a r ,  t h a t  

i s  more l i k e l y  t o  c o n s i d e r  i n n o v a t i o n ,  e i t h e r  w i t h  a  new t e c h n i q u e  o r  

p r o d u c t ,  s i n c e  he  i s  u s u a l l y  r i s k i n g  o n l y  one u n i t .  Here ,  however, t h e  

s m a l l  b u i l d e r  r e l i e s  h e a v i l y  on s u b - c o n t r a c t o r s ,  d e a l e r s ,  and m a t e r i a l  

s u p p l i e r s  f o r  problem s o l v i n g ;  he  i s  v e r y  s e n s i t i v e  t o  w a r r a n t i e s .  
/ 

S i n c e  he  i s  seldom h i g h l y  c a p i t a l i z e d ,  c a s h  f low and i n d i v i d u a l  p r o j e c t  

a c c o u n t a b i l i t y  a r e  a  c o n s t a n t  concern .  F i r s t  p e n e t r a t i o n  of  t o t a l l y  new 

p r o d u c t s  t y p i c a l l y  b e g i n s  th rough  s m a l l  b u i l d e r s  who b u i l d  expens ive ,  

custom homes. Consumer demand t h e n  b r i n g s  t h e  new p r o d u c t s  i n t o  t h e  

mains t ream of t h e  i n d u s t r y .  

The ' l a r g e  b u i l d e r ,  c o n s t r u c t i n g  more than  200 u n i t s  p e r  y e a r ,  t e n d s  t o  

b e  more i n n o v a t i v e  w i t h  new p r o c e s s e s  o r  t e c h n i q u e s  r a t h e r  than  new 

p r o d u c t s  s i n c e  h i s  c o n s t r u c t i o n  i s  more s p e c u l a t i v e .  He v ; i l l  occas ion-  

a l l y  i n n o v a t e  vhen he  h a s  t h e  s u p p o r t  of  a  m a j o r . p a r t n e r ,  such a s  a  

n a t i o n a l l y  recogn ized  b u i l d i n g  m a t e r i a l  m a n u f a c t u r e r ,  a l t h o u g h  innova- 

t i o n  i s  sometimes done f o r  image b u i l d i n g .  S i n c e  volume c o n s t r u c t i o n  

a t t r a c t s  more a t t e n t i o n  ( b u i l d i n g  o f f i c i a l s ,  union o f f i c i a l s ,  demon- 

s t r a t o r s ,  e t c . )  than  one-of-a-kind c o n s t r u c t i o n ,  t h e  l a r g e  b u i l d e r  i s  

more s e n s i t i v e  t o  t h e s e  groups  and more image c o n s c i o u s .  I n n o v a t i o n ,  

when i t  does  o c c u r ,  is  more l i k e l y  t o  encompass t h e  e n t i r e  development 

r a t h e r  t h a n  j u s t  a few h o u s e s  s i n c e  t h e  c o s t  t o  a l t e r  p l a n s  f o r  a few 

houses  i s  major.  With l a r g e r ,  developments ,  t h e r e  i s  g r e a t e r  a r c h i t e c t /  

e n g i n e e r  involvement s i n c e  t h e  f e e s  can  b e  s p r e a d  o v e r  many r e p e a t  u n i t s .  

The l a r g e  b u i l d e r  u s u a l l y  d o e s  n o t  have t h e  same a b i l i t y  f o r  f l e x i b l e  

d e c i s i o n  making t h a t  t h e  s m a l l  b u i l d e r  h a s  because  t h e  l a r g e r - s c a l e  

f i n a n c i n g  i n v o l v e s  added c o n t r o l s ;  



3 .2  CODES, STANDARDS, AND MANUALS OF ACCEPTED.PRACTICE 

- 
The f u n c t i o n  of  b u i l d i n g  codes  is t o  i n t e g r a t e  t h i s  d i v e r s e  i n d u s t r y  t o  

g u a r a n t e e  a  minimum l e v e l  of c o n s t r u c t i o n  Suppor t ing  b u i l d i n g  

codes  a r e  s t a n d a r d s  and manuals o f  a c c e p t e d  p r a c t i c e .  \ 

U n f o r t u n a t e l y ,  t h e r e  i s  c o n s i d e r a b l e  o v e r l a p  i n  t h e  a p p l i c a t i o n  o f  t h e s e  

t h r e e  t y p e s  of  documents. I n  p r i n c i p a l s  a  code shou ld  s e t  f o r t h  a  c r i -  

t e r i a ,  f r e q u e n t l y  making r e f e r e n c e  t o  a  s t a n d a r d .  The s t a n d a r d  a l l o w s  

f o r  many s o l u t i o n s  t o  a  p a r t i c u l a r  d e s i g n  problem, a l l  o f  which meet t h e  

p r e d i c t a b l e  q u a l i t y  l e v e l  s p e c i f i e d  by t h e  s t a n d a r d .  To pe rmi t  e a s e  of 

app:! . icat ion of t h e  most f r e q u e n t l y  used methods of mee t ing  t h e  s t a n d a r d ,  

manuals o f  acckp ted  p r a c t i c e  were developed and have grown i n  importance .  

The b u i l d i n g ' c o d e  o f f i c i a l ,  whose r e s p o n s i b i l i t y  i t  is t o  i s s u e  p e r m i t s .  

and a p p r o v a l s  o f  t h e  proposed b u i l d i n g  s o l u t i o n s ,  shou ld  make r e f e r e n c e  

t o  a l l  t h r e e  t y p e s  o f  documents w i t h  d i sce rnment .  D e t a i l s  of t h e s e  

documents f o l l o w .  

B u i l d i n g  Codes. B u i l d i n g  codes  a r e  laws whose purpose  i s  t o  p r o t e c t  t h e  

h e a l t h ,  s a f e t y ,  and w e l f a r e  of  t h e  p u b l i c .  Being l a w ,  code changes  a r e  

made by l e g i s l a t i v e  p r o c e s s  which i s  f r e q u e n t l y  complex and t ime  consum- 

i n g .  Codes a r e  t h e  most permanent of t h e  r e g u l a t o r y  documents i n  t h e  

b u i l d i n g  i n d u s t r y .  

Codes have two c h a r a c t e r i s t i c s :  they  have been developed i n  r e s p o n s e  t o  

a  major ( t y p i c a l l y  c a t a s t r o p h i c )  e v e n t  c a l l i n g  a t t e n t i o n  t o  a  need ,  and 

t h e y  have been adopted t o  o r g a n j z e  and r e g u l a t e  an  e x i s t i n g  i n d u s t r y .  

Eecause  of  t h i s  development,  c o d e s ,  p r i o r  t o  1 9 5 0 , - v a r i e d  d r a s t i c a l l y  

from town t o  town a s  w e l l  a s  a c r o s s  t h e  c o u n t r y .  T h i s  l a c k  of  c o n s i s t -  

ency caused concern  t o  m a n u f a c t u r e r s ,  a r c h i t e c t s ,  e n g i n e e r s  and b u i l d e r s  

whose b u s i n e s s  r e q u i r e d  c r o s s i n g  mamy code j u r i s d i c t i o n a l  b a i ~ n d a r i c s .  

To remedy t h i s  s i t u a t i o n ,  Model Codes were developed.  Although t h e r e  

a r e  more than  40,000 l o c a l  code j u r i s d i c t i o n s  i n  t h e  Uni ted  S t a t e s  w i t h  

code e n f o r c i n g  a u t h o r i t y ,  most of  them adopt  one o r  more Model Codes, 

sometimes w i t h  m o d i f i c a t i o n .  Approximately 75 p e r c e n t  b f  a l l  b u i l d i n g  



codes  i n  f o r c e  today a r e  one of  t h e  Model ~ d d e s .  The geograph ic  a r e a s  

of i n f l u e n c e  of  t h e  t h r e e  prominent Model Codes a r e  shown i n  F igure  2 .  

SaEety of p e r s o n s  and p r o p e r t y  due t o  h a z a r d s  a r i s i n g  from t h e  use  o f  

e l e c t r i c i t y  i s  t h e  r e s p o n s i b i l i t y  of  t h e  N a t i o n a l  E l e c t r i c a l  Code (NEC). 

The N a t i o n a l  E l e c t r i c  Code h a s  been recogn ized  by a l l  major Model Codes, 

b u i l d i n g  codes  and most muniCipal  codes .  The o n l y  known e x c e p t i o n s  t o  

n a t i o n a l  a c c e p t a n c e  a r e  s e v e r a l  munfc ipa l  e l e c t r i c a l  codes  such  a s  t h o s e  

e s t a b l i s h e d  by t t e  C i t y  o f  Los Angeles and t h e  C i t y . o f  Chicago.  

.BUILDING OFFICIALS AND CODE ADMINISTRATORS (BOCA) 
BASIC BUILDING CODE h\\\\\\\\'9 

SOUTHERN BUILDING CODE CONGRESS (SBCC) 
STANDARD BUILDING CODE fzZzB 

i 

INTERNATIONAL CONFERENCE OF BUILDING OFFICIALS (ICBO) 
UNIFORM BUILDING CODE lllimml 

F i g u r e  2 .  Aggregate  Code Map 
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I d e a l l y ,  codes shou ld  p rov ide  a  s e r i e s  of  c r i t e r i a  which can be met w i t h  

a v a r i e t y  of s o l u t i o n s .  Codes w r i t t e n  i n  t h i s  manner a r e  g e n e r a l l y  

r e f e r r e d  t o  a s  performance language c o d e s ,  r a t h e r  t h a n  p r e s c r i p t i v e  

l anguage  codes .  The pr imary d i f f e r e n c e  i s  f l e x i b i l i t y .  Performance 

language a l l o w s  f o r  a  v a r i e t y  of s o l u t i o n s  a l l  of  which meet c r i t e r i a  

des igned  t o  p r o t e c t  p u b l i c  h e a l t h ,  s a f e t y  and w e l f a r e .  P r e s c r i p t i v e  

l anguage  i s  q u i t e  s p e c i f i c ,  d e f i n i n g  one method deemed a c c e p t a b l e  and 

l e a v i n g  l i t t l e  room f o r  i n t e r p r e t a t i o n .  Because o f  t h o s e  d i s t i n c t i o n s ,  

p r e s c r i p t i v e  codes  a r e  e a s y  t o  moni tor  and e n f o r c e  whereas performance 

codes  a r e  d i f f i c u l t  t o  e n f o r c e  due t o  t h e i r  l a c k  of  s p e c i f i c s .  

B u i l d i n g  codes  a r e ,  of  n e c e s s i t y ,  complex documents. They must be  

g e n e r a l  enough t o  a d d r e s s  most q u e s t i o n s  which a r i s e  i n  t h e  d e s i g n  and 

c o n s t r u c t i o n  of a  b u i l d i n g ,  and y e t  comprehensive enough t o  p rov ide  t h e  

p u b l i c  p r o t e c t i o n  ' t h a t  i s  i n t e n d e d .  Many s i t u a t i o n s  a r i s e ,  however, 

where i n t e r p r e t a t i o n  of  o r  v a r i a n c e  w i t h  the_ code i s  n e c e s s a r y .  I n  most 

j u r i s d i c t i o n s ,  t h e r e  i s  a  t h r e e  l e v e l  p rocedure  f o r  h a n d l i n g  i n t e r p r e -  

t a t i o n s  and v a r i a n c e .  D e t a i l s  of  t h i s  p rocedure  can be  found i n  

Appendix 1. 

S t a n d a r d s .  I n  c o n t r a s t  w i t h  codes ,  s t a n d a r d s  a r e  n o t  laws.  The purpose  

of  s t a n d a r d s  is  t o  o f f e r  ways th rough  which code c r i t e r i a  can be  met .  

S t a n d a r d s  concern  methods whose r e s u l t s  meet a  p r e d i c t a b l e  q u a l i t y  l e v e l .  

A s tan 'dard  i s  a  model, which d e f i n e s  a  measure by which code c r i t e r i a  

can be  e v a l u a t e d .  S t a n d a r d s ,  developed by t h e  consensus  p r o c e s s ,  a r e  

promulgated by t h e  p r d f e s s i o n a l  community t h a t  i s  invo lved  w i t h  t h e  

a p p l i c a t i o n  of t h e  t echno logy .  S t a n d a r d s  respond t o  s t a t e - o f - t h e - a r t  

and change a s  t e c h n o l o g i e s  deveTop and a r e  t e s t e d  th rough  a p p l i c a t i o n .  

They a r e  s u b j e c t  t o  change more q u i c k l y  t h a n  codes  and can e x i s t  i n  a n  

e v o l v i n g  s t a t e  i f  p r o f e s s i o n a l  communities pursue  t h e i r  development.  

S t a n d a r d s  a r e  used e x t e n s i v e l y  i n  codes .  They perrbft t h e  code  t o  s t a t e  

by what method o r  p rocedure  compl iance  i s  o b t a i n e d .  T h i s  i s  normal ly  

done by r e f e r e n c e ,  a l t h o u g h  o c c a S i o n a l l y ,  a  s t a n d a r d  w i l l  b e  embodied i n  

t h e  code.  L-ike c o d e s ,  s t a n d a r d s  can  b e  w r i t t e n  i n . e i t h e r  performance 

o r  p r e s c r i p t i v e  language.  ,. 



Four , g e n e r i c  t y p e s  o f ' s t a n d , a r d s  e x i s t  - S p e c i f i c a t i o n ,  Tes t  Method 

S t a n d a r d ,  C l a s s i f i c a t i o n  S t a n d a r d ,  and Recommended P r a c t i c e .  D e f i n i t i o n s  

of t h e s e  and o t h e r  d e t a i l s  c o n c e r n i n g  s t a n d a r d s  can b e  f o u n d . i n .  

Appendix 5. 

Manuals of  Acce,pted P r a c t i c e .  Suppor t ing  b o t h  codes  and s t a n d a r d s  a r e  

manuals 0.5 a c c e p t e d  p r a c t i c e ,  which d e s c r i b e  proven p rocedures  o r  t ech-  

n i q u e s  which a r e  most o f t e n  used w i t h i n  t h e  hous ing  i n d u s t r y  t o  p rov ide  

a  formula  th rough  which t h e  c h a r a c t e r i s t i c s  r e q u i r e d  i n  a  s t a n d a r d  can 

be a c h i e v e d .  A manual i s  p r e s c r i p t i v e  by n a t u r e  b u t  i t  i s  n o t  a  law. 

Produced by t h e  hous ing  i n d u s t r y  o r  t r a d e  a s s o c i a t i o n s ,  a  manual 

d e s c r i b e s  p rocedures  t y p i c a l  f o r  t h a t  indu 's t ry  and.may c a r r y  t h e  market- 

i n g  o r  d e s i g n  p r e j u d i c e s  o f  t h a t  group.  Manuals o f  a c c e p t e d  p r a - c t i c e  

change q u i c k l y  a s  t h e y  e v o l v e  w i t h  t echno logy ,  d e v e l o p i n g  p rocedures  

th rough  which a  t echno logy  can b e  a p p l i e d .  They a r e  widespread 

th roughout  .:he hous ing  i n d u s t r y ,  and can b e  r e g i o n a l  i n  n a t u r e ,  address -  

i n g  l o c a l l y  a p p l i c a b l e  methods and m a t e r i a l s .  A d d i t i o n a l  i n f o r m a t i o n  

can be found i n  Appendix 8. 

3 . 3  PRODUCT APPROVAL 

Product  a p p r o v a l ,  wherein  t h e  m a n u f a c t u r e r s  show compliance  of  t h e i r  

p roduc t  t o  t h e  b u i l d i n g  codes ,  i s  t h e  " t e e t h "  of  t h e  b u i l d i n g  code 

p r o c e s s .  S ince  b u i l d i n g  codes  a r e  l a w s ,  a  p roduc t  canno t  be  l e g a l l y  

used u n l e s s  i t  i s  approved.  I 

i 
Some p r o d u c t s  need o n l y  a n  i n t e r p r e t a t i o n  ( u s u a l l y  based on a  c u r s o r y  

i n s p e c t i o n  and minimal t e s t i n g  o f  a  p r o d u c t ' s  c h a r a c t e r i s t i c s )  t o  be  

a c c e p t e d  i n  a  code j u r i s d i c t i o n .  Most o f t e n ,  however, new p r o d u c t s  a r e  

approved o n l y  a f t e r  e x t e n s i v e  t e s t i n g  and c e r t i f i c a t i o n  of  compliance 

w i t h  v a r i o u s  s t a n d a r d s .  Unl ike  :the Western European n a t i o n s ,  t h e r e  i s  

no s i n g l e  p roduc t  a p p r o v a l  .procedure  o r  agency i n  t h e ' u n i t e d  S t a t e s .  

The Model Code groups  have e s t a b l i s h e d  p roduc t  a p p r o v a l  p rocedures  i n . a n  

a t t e m p t  t o  s i m p l i f y  t h e  p r o c e s s ,  b u t  i t  remains  cumbersome and expens ive  

f o r  a  manufac tu re r  t o  g a i n  p roduc t  a p p r o v a l  i n  e v e r y  j u r i s d i c t i o n  i n  

t h e  c o u n t r y .  F i g u r e  3 i l l u s t r a t e s  t h e  t ime  r e q u i r e d  f o r  p roduc t  accep t -  

ance  t o  occur  i n  cumulatLve j u ~ i s d i c t i o n s .  Although t h i s  f i g u r e  may a t  
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first appear to discourage manufacturers of photovoltaic products, it 

should he noted that all of the examples shown are replacement innova- 

tions, intended to displace an existing product or process. This con- 

flict with tradition and vested interests causes more resistance to code 

approval'than new innovations having no existing competition. This 

should be encouraging to the photovoltaic industry that while product 

acceptance for a new concept is a lengthy and expensive procedure, it 

will not be encumbered b.y the traditional resistances most replacement 
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i n n o v a t i o n s  e x p e r i e n c e .  A more e x t e n s i v e  d i s c u s s i o n  on g a i n i n g  p roduc t  

a c c e p t a n c e  in .  t h e  United S t a t e s  can b e  found i n  t h e  p a p e r ,  "Decision- 

Aiding Communications i n  t h e  Regu la to ry  Agency: The P a r t i s a n  Uses of  

T e c h n i c a l  I n f o r m a t i o n , "  by F.T. Ven t re ,  i n  Appendix 1. 

Manufac tu re r s  who market  n a t i o n a l l y  t end  t o  f o l l o w  a  g e n e r a l  p a t t e r n  f o r  

p roduc t  a p p r o v a l .  F i r s t ,  t h e  b u i l d i n g  codes  a r e  s e a r c h e d  f o r  t h e  most 

s t r i n g e n t  r e g u l a t i o n s .  Then a n  approved n a t i o n a l  t e s t i n g  l a b o r a t o r y  

reviews t h e  s t a n d a r d s  r e f e r e n c e d  by t h a t  code and conduc t s  product  t e s t -  

i n g  t o  show conformance w i t h .  t h e  e x i s t i n g  a p p l i c a b l e  s t a n d a r d s  ( a l s o  

known a s  " l i s t i n g " ) .  Then t h e  p roduc t  i s  submi t t ed  f o r  r ev iew and 

a p p r o v a l  by code o f f i c i a l s ;  any supp lementa l  t e s t i n g  r e q u i r e d  by t h e i r  

r ev iew i s  performed s o  t h a t  t h e  p roduc t  r e c e i v e s  t h e i r  a p p r o v a l .  F i n a l l y ,  

t h e  p roduc t  i s  submi t t ed  f o r  Model Code a p p r o v a l s .  T h i s  i s  u s u a l l y  t h e  

l a s t  e x t e n s i v e  e f f o r t  t a k e n  by t h e  manufac tu re r  d i r e c t l y .  Once t h e  pro- 

d u c t  i s  approved by t h e  most s t r i n g e n t  codes  f o r  h i s  p roduc t  a n d / o r  by 

one o f  t h e  Model Codes, t h e s e  a p p r o v a l s  and t h e i r  a s s o c i a t e d  t e s t  

r e s u l t s  a r e  used by t h e  m a n u f a c t u r e r ' s  r e p r e s e n t a t i v e s ,  d e a l e r s ,  o r  

l o c a l  b u i l d i n g  c o n t r a c t o r s  t o  s e c u r e  p roduc t  a p p r o v a l s  i n  a d d i t i o n a l  

code j u r i s d i c t i o n s .  It may be  n e c e s s a r y  f o r  t h e  manufac tu re r  t o  l e n d  

a s s i s t a n c e ,  h u t  t h e  b u l k  of  t h e  e f f o r t  i s  l e v e r a g e d  th rough  l o c a l  

r e p r e s e n t a t i v e s .  

O c c a s i o n a l l y  conformance w i t h  t h e  more s t r i n g e n t  code i s  economica l ly  

unsound, i f  i t  r e p r e s e n t s  a  s m a l l  market  a r e a  and t h e  remain ing  codes  

can be  met w i t h  a  l e s s  expens ive  p r o d u c t .  

3 .4  SUMMARY 

Although t h e  aggrega ted  hous ing  i n d u s t r y  is  l a r g e  and complex; t h e  

p r i n c i p a l  a c t o r s  a r e  t h e  s m a l l  b u i l d e r s ,  t h o s e  c o n s t r u c t i n g  fewer t h a n  

25 u n i t s  p e r  y e a r .  Because of  t h i s ,  i t  i s  a n  i n d u s t r y  which r e l i e s  

on l a w s ,  i n  t h e  form o f  b u i l d i n g  codes ,  t o  e s t a b l i s h  a  minimum l e v e l  

of c o n s t r u c t i o n  q u a l i t y  t o  i n s u r e  t h e  s a f e t y  of  t h e  occupan t s .  To s u p ? o r t  

t h e  b u i l d i n g  codes  ( l aws)  a r e  consensus  s t a n d a r d s ,  which a r e  n o t  laws 

bu t  vol .untary  agreements  among i n t e r e s t e d  and concerned p a r t i e s .  These 



h e l p  i n t e r p r e t  and measure t h e  l a w ,  and are e a s i e r  and q u i c k e r  t o  change 

a s  t h e  s t a t e - o f - t h e - a r t  changes s i n c e  t h e y  a r e  n o t  bound by t h e  l e g i s l a -  

t i v e  p r o c e s s .  S tandards  are f r e q u e n t l y  r e f e r e n c e d  by codes .  Suppor t ing  

codes  and s t a n d a r d s  a r e  manuals o f  accep ted  p r a c t i c e ,  which h e l p  i n t e r - .  

p r e t  t h e  i n t e n t  of t h e  s t a n d a r d s  by a d v o c a t i n g  a p p r o p r i a t e  i n s t a l l a t i o n s  

and c o n s t r u c t i o n s  . 

To e n s u r e  t h a t  b u i l d i n g  codes  are complied w i t h ,  p r o d u c t  a p p r o v a l  i s  

r e q u i r e d .  Local  code o f f i c i a l s  have t h e  a u t h o r i t y  by l a w  t o  r e j e c t  any 

p r o d u c t  t h a t  i n  t h e i r  o p i n i o n  does  n o t  meet t h e  requ i rements  of t h e  

code.  Manufacturers  who supp ly  t h i s  market go t o  g r e a t  p a i n s  t o  e n s u r e  

t h e i r  p roduc t  i s  a c c e p t a b l e ;  t h e y  spend c o n s i d e r a b l e  sums t o  have t h e  

p r o d u c t  i n s p e c t e d ,  t e s t e d ,  and c e r t i f i e d .  

Manufac tu re r s  o f  new p r o d u c t s  f o r  t h i s  market ,  such a s  p h o t o v o l t a i c s ,  

w i l l  do w e l l  t o  c o n s i d e r  t h e  dead weight  of h i s t o r i c  p r e c e d e n t s  when 

t r y i n g  t o  p e n e t r a t e  t h i s  market .  P r o d u c t s  must be easy  t o  h a n d l e  and 

i n s t a l l ,  they  must be  f a i r l y  rugged t o  s u r v i v e  o u t s i d e  s e r v i c e ,  and 

t h e y  must meet code. Based on h i s t o r y ,  f i r s t  p e n e t r a t i o n  of t o t a l l y  

new p r o d u c t s  t y p i c a l l y  o c c u r s  i n  t h e  more expens ive ,  custom homes, f i l -  

t e r i n g  down t o  t h e  l e s s  e x p e n s i v e  "Spec" ( S p e c u l a t i v e )  homes through 

consumer demand. 



S e c t i o n  4  

RESIDENTIAL MODULEIARRAY DESIGN IMPLICATIONS 

I n  conduc t ing  t h i s  s t u d y ,  a  g r e a t  d e a l  of u s e f u l  i n f o r m a t i o n  was com- 

p i l e d .  To maximize i t s  u s e ,  i t  was dec ided  t o  p r o v i d e  s h o r t  t o p i c  sum- 

m a r i e s  i n  t h i s  s e c t i o n  and t h e  complete  d e t a i l s  i n  append ices .  S i n c e  

each topic.  sllmmary may n o t  h e  s u f f i c i e n t  f o r  t h o s e  who may d e s i r e  t o  do 

in -dep th  i n v e s t i g a t i o n  o r  a n a l y s i s ,  t h e  a p p r o p r i a t e  appendix  c o n t a i n i n g  

d e t a i l e d  i n f o r m a t i o n  i s  r e f e r e n c e d .  

It i s  premature  t o  c o n s i d e r  t h e s e  d e s i g n  i m p l i c a t i o n s  a s  r e q u i r e m e n t s .  

T h i s  r e p o r t  i s  t h e  f i r s t  d e t a i l e d  i n v e s t i g a t i o n  (of r e s i d e n t i a l  modules 

and a r r a y s .  F u r t h e r  r ev iew o f  t h e s e  d e s i g n  i m p l i c a t i o n s  a s  w e l l  a s  

a d d i t i o n a l  s i m i l a r  i n v e s t i g a t i o n s  i n t o  t h e  remainder  of  t h e  r e s i d e n t i a l  

p h o t o v o l t a i c  sys tem - power c o n d i t i o n i n g ,  s t o r a g e  ( i f  a p p l i c a b l e ) ,  and 

u t i l i t y  i n t e r f a c e  - a r e  needed b e f o r e  d e s i g n  r e q u i r e m e n t s  f o r  modules 

and a r r a y s  can b e  e s t a b l i s h e d .  

4 . 1  CODES AND STANDARDS REVIEW IIIIPLICATIONS 

Three  model codes  - BOCA, I C B O ,  and SBCC; two munic ipa l  codes  - Los 

Angeles and P i t t s b u r g h ;  and t h e  N a t i o n a l  E l e c t r i c a l  Code (NEC) were 

reviewed a l o n g  w i t h  t h e i r  r e f e r e n c e d  s t a n d a r d s  t o  de te rmine  what ,  i f  

any,  a p p l i c a b l e  r e q u i r e m e n t s  may be imposed on p h o t o v o l t a i c  modules and 

a r r a y s .  Toge the r ,  t h e s e  codes  and r e f e r e n c e d  s t a n d a r d s  cover  t h e  b a s i c  

r e s i d e n t i a l  b u i l d i n g  r e q u i r e m e n t s  f o r  o v e r  96 p e r c e n t  o f  t h e  Uni ted  

S t a t e s  (based on p o p u l a t i o n ) .  I n  g e n e r a l ,  t h i s  r ev iew h a s  produced 

d e s i g n  i m p l i c a t i o n s  f o r  modules and a r r a y s  a p p r o p r i a t e  f o r  t h e  r e s i d e n -  

t i a l  c o n s t r u c t i o n  i n d u s t r y ;  however, e x i s t i n g  l o c a l  o r d i n a n c e s  cou ld  

modify them. (These rev iews  can  be  found i n  Appendices 2 ,  3 ,  4 ,  and 6 . )  

Tab le  1 summarizes tile i m p l i c a t i o n s  from t h i s  review.  

One major r e s u l t  of  t h e  rev iew i s  t h a t  t h e r e  i s  no a p p l i c a b l e  c u r r e n t  

b u i l d i n g  code c a t e g o r y  f o r  r e s i d e n t i a l  p h o t o v o l t a i c  modules and a r r a y s .  

Although t h i s  co .nclus ion was a n t i c i p a t e d ,  t h e  impact of  t h i s  i s  s e v e r e :  

l o c a l  b u i l d i n g  code o f f i c i a l s  can  a r b i t r a r i l y  c a t e g o r i z e  modules and 



l ' a b l e  I.. Codes and S t a n d a r d s  Review 1 m p l . i c a t i o n s  
and Recommendations 

T o p i c  Findinp,  I m p l i c a t i o n  Recommendation 

B u i l d i n g  c o d e  No a p p l i c a b l e  I,ocnl b u i l d i . n g  eI<ear-Term: Deve lop  p e r f o r m a n c e  
c a t e g o r y  (Plodel bu:il.di.ng c o d e  c o d e  o f f i c i a l s  c r i t e r i a  by t h e  con- 
Codes ,  M u n i c i p a l  cr.1 t e g o r  y c o u l d  r e s t r i c t  s e n s u s  p r o c e s s .  
Codes ,  a n d  ~;111:re11t.I y o r  r e j e c t  PV 
N a t i o n a l  E l e c -  i d e n t i f i e d  a r r a y s  .Long-Term: Form Model Code com- 
t r i c  Code) m i t t e e s  t o  d r a f t  code  

r e q u i r e m e n t s .  

e N a t i o n a l  E lec -  Key clocument; E a r l i e s t  i m p a c t  @Near-Term: Form s u b c o m m i t t e e s  i n  
t r i c  Code (iJZC) t a k e s  f o u r  o f  s u b c o m m i t t e e  1979  t o  d r a f t  r e q u i r e -  

y e a r s  r~iinimum work is  1984  ments  f o r  PV s y s t e m s .  
f rom d r a f t  e d i t i o n  . Meanwhile ,  u s e  p e r -  
t i l l .  p u b l i c a -  fo rmance  c r i t e r i a .  
t i o n  

@Long-Term: At tempt  t o  h a v e  c l a s s -  
i f i e d  a s  "Premanufac- 
t u r e d  I t e m  w i t h  I n t e r -  
n a l  Wir ing . "  

Code a p p r o v a l  R e q u i r e d  P r o d u c t  tes t ing/@.:ont .ac t  n a t i o n a l l y  r e c o g n i z e d  
a p p r o v a l  may b e  t e s t i n g  l a b o r a t o r i e s  r e g a r d i n g  
r e q u i r e d  b e f o r e  s t a n d a r d s  and t e s t s  r e q u i r e d  . 
l o c a l  b u i l d i n g  f o r  p r o d u c t  a p p r o v a l .  
code  o f f i c i a l s  
w i l l  a c c e p t  PV 
modules  and  
a r r a y s  

a O b s t a c l e s  o No p e r c e i v e d  
o b s t a c l e s  t o  
l i m i t  even-  
t u a l  u s e  o f  
PV modules  
and a r r a y s  - 
i n  r e s i d e n -  
t i a l  power . 
s y s t e m s  



arrays with the result that undue restrictions or outright rejection can 

result. To prevent such a setback, the near-term implication is that 

requirements for residential modules and arrays (and the remainder of 

the system) should be developed by the consensus process and, since this 

is a new evolving technology, those requirements should be couched in 

the language of performance statements ("criteria") that are flexible 

enough to permit rather than inhibit new technology. A start on this 

document is provided in Appendix 19, "Residential Photovoltaic Module 

and Array Performance Criteria." However, for the long-term, work 

should begin with the Model Code groups to form working committees to 

begin developing draft code requirements using the performance criteria 

as its basis. 

Since it takes about four years to modify the National ElectriCal Code 

(NEC), the NEC committee within the National Fire Protection Association 

(NFPA) should be contacted immediately. Since photovoltaic systems are 

electrical in nature, compliance to requirements in the NEC will be 

required. However, the NEC was written without consideration for photo- 

voltaics and these requirements do not yet exist. Since a photovoltaic 

subcommittee could have its first impact in the 1984 version of the NEC, 

it is recommended that contact be made with the NEC this year to form a 

subcommittee to begin drafting the requirements for photovoltaics in the 

residential housing industry. The basis for the draft requirements 

would be the performance criteria, and, for near term residential appli- 

cations, the performance criteria should be used, As questions arise 

regarding the intent u f  the NEC, code interpretations should be sought 

by manufacturers, architectlengineers, or users. For the long term, 

it is felt that photovoltaic systems would be best classified (i.e., that 

classification allowing manufacturers, architects, and installers the 

most latitude while preserving the necessary safety requirements) as a 
I 1  Pre-manufactured Item with Internal Wiring." This is the category that, 

for example, heating/air conditioning systems fall under. Within the 

line item, say, Photovoltaic Power System, the system requirements can be 

identified and the subsystem/component requirements can be referenced 

to other sections of the F?EC that apply. (Some of these other sections 

would have to be newly written.) 



Connected w i t h  d e v e l o p i n g  consensus  s t a n d a r d s ,  and e v e n t u a l l y  codes ,  i s  

o b t a i n i n g  product  a p p r o v a l .  Normally t h e  r e s i d e n t i a l  p roduc t  a p p r o v a l  

p r o c e s s  beg ins  w i t h  a new produc t  des igned t o  r e p l a c e  an  e x i s t i n g  a p p l i -  

c a t i o n .  Appl icab le  codes  a l r e a d y  e x i s t ;  t y p i c a l l y  t e s t  s t a n d a r d s  t o  meet 

t h e  i n t e n t  of t h e  code a l s o  e x i s t .  Such i s  n o t  t h e  c a s e  w i t h  r e s i d e n t i a l  

p h o t o v o l t a i c  modules and a r r a y s .  E a r l y  work i s  needed w i t h  approved 

11;tLion;ll t e s t i n g  l a b o r a t o r i e s  t'o f a m i l i a r i z e  them w i t h  t h e  p roduc t  and 

t h e  a p p l . i c a t i o n .  I,Jithout p roduc t  approva l ,  l o c a l  b u i l d i n g  code inspec-  

t o r s  may r e j e c t  t h e i r  u s e .  (Underwr i t e r s  L a b o r a t o r i e s ,  I n c . ,  i s  

c u r r e n t l y  under c o n t r a c t  t o  t h e  JPL/LSA. P r o i e c t  t o  i n v e s t i g a t e  ' s a f e t y  

r e q u i r e m e n t s  f o r  p h o t o v o l t a i c  modules and a r r a y s . )  

D e s p i t e  n o t  b e i n g  a b l e  t o  f i n d  a n  a p p r o p r i a t e  b u i l d i n g  code c a t e g o r y  f o r  

r e s i d e n t i a l  modules and a r r a y s ,  t h e  g e n e r a l  c o n c l u s i o n  of t h e  review i s  

t h a t  t h e r e  a r e  no p e r c e i v e d  o b s t a c l e s  t o  t h e  e v e n t u a l  use  of  p h o t o v o l t a i c  

modu.les and a r r a y s  i n  r e s i d e n t i a l  power sys tems.  U n c e r t a i n t i e s  a s s o c i -  

a t e d  w i t h  n o t  hav ing  an a p p l i c a b l e  code c a t e g o r y  a r e  b e l i e v e d  r e s o l v a b l e  

and a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

4 . 2  SUMMARY MODULEIARRAY DESIGN IMPLICATIONS 

The d e s i g n  i m p l i c a t i o n s  c o n t a i n e d  i n  t h i s  s e c t i o n  a r e  d i s t i l l e d  from t h e  

a p p e n d i c e s  i n t o  s h o r t  t o p i c  summaries c o n t a i n e d  i n  t h e  f o l l o w i n g  t a b l e s .  

D i s c u s s i o n  of  t h e  summary t a b l e s  f o l l o w s .  

O v e r a l l  1)cs:ign I m ~ ~ i c a ~ t i o n s .  O v e r a l l  d e s i g n  i m p l i c a t i o n s  a r e  summarized 

i n  Table  2 .  Bes ides  t h e  c o s t  i m p l i c a t i o n ,  two o t h e r  i m p l i c a t i o n s  a r e  

prominent - l i f e t i m e  and performance.  

It i s  impor tan t  t o  d i f f e r e n t i a t e  between t h e  d e s i g n  l i f e  and t h e  a c t u a l  

o r  h i s t o r i c a l  l i f e  of  a  r e s i d e n c e .  A s  used i n  t h i s  r e p o r t ,  d e s i g n  l i f e  

is t h e  in tended  s e r v i c e  l i f e ,  t h e  s p e c i f i c  number o f  y e a r s  o f  s e r v i c e , ,  

t h a t  b u i l d i n g  m a t e r i a l s ,  components, and a s s e m b l i e s  a r e  des igned  t o  s u r -  

v i v e  and o p e r a t e .  The number 0.f y e a r s  t h a t  t h e  b u i l d i n g  m a t e r i a l s ,  

components, and a s s e m b l i e s  indeed s u r v i v e  i s  t h e  h i s t o r i c a l  l i f e ,  which 

i s  based on a c t u a l  d a t a .  



T o p i c  ~ o d u l e / A r r a y  

L i f e t i m e  D e s i g n  l i f e  o f  20 y e a r s  and  m a i n t e n a n c e - f r e e  [ A p p e n d i x  191 

P e r f o r i n a n c e  A r r a y  e f f i c i e n c y  o f  1.3.5% o r  g r e a t e r  a t  NOCT [ ~ p p e n d i x  191 

e C o s t  Minimum c o s t  commensu ' ra te  with m a i n t e n a n c e -  [ A p p e n d i x  14  ] 

f r e e ,  2 0 - y e a r  d e s i g n  l i f e  



The l i f e t i m e s  o f  r e s i d e n t i a l  b u i l d i n g  m a t e r i a l s ,  components, and assem- 

b l i e s  a r e  n o t  t h e  same. The h i s t o r i c a l  l i f e  o f  t h e  s t r u c t u r e  i s  about  

55 y e a r s ;  r o o f i n g  l a s t s  1 5  t o  25 y e a r s ,  depending on l o c a l e  and f h e  type  

o f  m a t e r i a l  used;  plumbing lasts 1 0  t o  20 y e a r s ,  depending on t h e  condi-  

t i o n  o f  t h e  w a t e r ;  and of t h e  major  a p p l i a n c e s ,  s t o v e s  l a s t  1 0  t o  

1 5  y e a r s  and r e f r i g e r a t o r s  las t  1 0  y e a r s .  

Without s i m i l a r  l o n g  term d a t a  f o r  r e s i d e n t i a l  p h o t o v o l t a i c  a r r a y s ,  i t  

i s  i m p o s s i b l e  t o  s t a t e  i t s  h i s t o r i c a l  l i f e .  However, a  d e s i g n  l i f e  can 

be i n f e r r e d .  

The h i s t o r i c a l  l i f e  most ana logous  t o  r e s i d e n t i a l  p h o t o v o l t a i c  a r r a y s  

i s  r o o f i n g .  R e s i d e n t i a l  a r r a y s  w i l l  b e  mounted on t o p  of  r o o f i n g  ( s t and-  

o f f  and r a c k  mount) o r  w i l l  r e p l a c e  r o o f i n g  ( d i r e c t  and i n t e g r a l  mount) .  

R e s i d e n t i a l  a r r a y s  w i l l  be  exposed t o  t h e  same environment a s  r o o f i n g  

and ,  i n  t h e  c a s e  o f  t h e  d i r e c t  and i n t e g r a l  mount, w i l l  have t h e  same 

f u n c t i o n  a s  r o o f i n g  - w a t e r  shedd ing .  So, i t  i s  a p p r o p r i a t e  t h a t  r e s i -  

d e n t i a l  p h o t o v o l t a i c  'modules and a r r a y s  have t h e  same l i f e  as r o o f i n g ,  

namely, .  i t s  d e s i g n  l i f e  shou ld  be  20 y e a r s ,  minimum. 

One o t h e r  c o n s i d e r a t i o n  i s  t h a t  th roughout  i t s  d e s i g n  l i f e ,  p e r i o d i c  

main tenance  must be  minimized. The module and a r r a y  must be  des igned  

t o  be  t r o u b l e - f r e e .  Con t inu ing  main tenance  i s  n o t  a p p r o p r i a t e  f o r  a 

r e s i d e n c e ,  and,  p a r t i c u l a r l y ,  f o r  r o o f i n g .  Ra the r  t h a n  t o l e r a t e  con- 

t i n u i n g  annoyances ,  homeowners a r e  l i k e l y  t o  t u r n  o f f  t h e  sys tem.  When 

compared w i t h  t h e  most compl ica ted  a p p a r a t u s  i n  a  r e s i d e n c e ,  t h e  h e a t i n g 1  

a i r  c o n d i t i o n i n g  sys tem,  t h e  i m p l i c a t i o n s  f o r  t r o u b l e f r e e  d e s i g n  of a  

p h o t o v o l t a i c  sys tem,  which n e i t h e r  h e a t s  n o r  c o o l s  i t s  owners ,  becomes 

c l e a r .  

The o t h e r  impl ica t . ion ,  performance,  coTes from a e s t h e t i c  c o n s i d e r a t i o n s .  

B a s i c a l l y  t h e  problem is one o f  e n g i n e e r i n g  acumen v e r s u s  a e s t h e t i c  

t a s t e s ,  t h e  l a t c e r  u s u a l l y  d i c t a t i n g .  Based on p r e v i o u s  s t u d i e s ,  93 m 2 

' 2  
(1000 f t  ) of  t e n  p e r c e n t  e f f i c i e n c y  a r r a y  - 1 0  kWp - a p p e a r s  optimum 

from a c o s t  s t a n d p o i n t .  However, a e s t h e t i c a l i y  it i s  v e r y  d i f f i c u l t  t o  

a c h i e v e  a  p l e a s i n g  r e s i d e n t i a l  a r c h i t e c t u r e  w'ifh such a  dominant mono- 
2  2 

l i t h i c  f e a t u r e .  Less  a r r a y  a r e a  is p r e f e r r e d .  74 m (800 f t  ) c a n  be 



e f f i c i e n c y  of  13.5 p e r c e n t  t o  a c h i e v e  t h e  same 1 0  kWp o u t p u t .  Although 
2  

56 m"600 f t  ) i s  p r e f e r r e d ,  t h i s  i m p l i e s  a  16 .7  p e l c e n t  e f f i c i e n t  

a r r a y ,  which may n o t  be a c h i e v a b l e  w i t h  t h e  c u r r e n t  l e v e l  of  t echno logy .  

Mechanical  Design I m p l i c a t i o n s .  Mechanical  d e s i g n  i m p l i c a t i o n s  a r e  sum- 

The p h y s i c a l  d imensions  o f  modules and p a n e l s ' ( t h e  l a t t e r  c o n t a i n i n g  

modules s m a l l e r  t h a n  f u l l - s i z e )  shou ld  a l l o w  f o r  conven ien t  h a n d l i n g  by 

no more t h a n  two (and p r e f e r a b l y  one)  i n s t a l l e r s ,  each hav ing  a  g r i p  

span of  36 t o  40 i n c h e s  and c a p a b l e  of  I i f t Z n g  50 t o  60 pounds. However, 

t h i s  s t u d y  e l i m i n a t e d  p a n e l s  comprised o f  modules s m a l l e r  t h a n  f u l l - s i z e  

based on i n s t a l l e d  c o s t .  Of t h e  two c a n d i d a t e  module s i z e s  i d e n t i f i e d  - 

32 by 96 ' i nches  (nominal)  and 48 by 48 i n c h e s  (nomina l ) ,  weighing 50 

t o  60 pounds (one man c a r r y )  t o  100 t o  120 pounds (two man c a r r y )  - t h e  

43 by 4 8  i n c h  module was l a t e r  e l i m i n a t e d  by a e s t h e t i c  c o n s i d e r a t i o n s .  

d imensions  under 48 i n c h e s ;  and +3/16,  -1116 i n c h  f o r  d imensions  o v e r  

4 8  i n c h e s .  For o t h e r  module c o n s t ' r u c t i o n  t y p e s ,  t o l e r a n c e s  would have 

t o  be c a l c u l a t e d  u s i n g  g u i d e l i n e s  found i n  Appendix 1 4 .  For a n  a r r a y ,  

t o l e r a n c e s  shou ld  b e  c a l c u l a t e d  based on t h e  module c o n s t r u c t i o n  typc., 

mounting c o n f i g u r a t i o n ,  and dimensions .  

The d e s i g n  of panel- type modules shou ld  b e  s t a n d a r d i z e d  f o r  use  i n  any 

o f  t h e  f o u r  mounting c o n f i g u r a t i o n s  - r a c k ,  s t a n d o f f ,  d i r e c t ,  and i n t e -  

g r a l  ( s e e  F i g u r e  4 ) .  Shing le - type  modules a r e  s u i t a b l e  f o r  d i r e c t  

mounting o n l y .  

i n  o r d e r  of  lowes t  t o  h i g h e s t  i n s t a l l e d  c o s t ,  t h e  f o u r  c o n f i g u r a t i o n s  

a r e  i n t e g r a l ,  d i r e c t ,  s t a n d o f f ,  and rack .  Based on lowes t  i n s t a l l e d  c o s t ,  

2 5 



Rack 

Standoff 

Direct n~- W OC'D II,MINC 

In tegra l  



� able 3. Mechanical Dcsign Implications 

Topic Module Array 
- 

Size, shape, 
and weight 

a32 x 96 in. (nominal), 
weight: '50 to 120 lb. 

[Appendix 141 

Dimensional Glass t4odules Calculate for module 
tolerances construction, mounting 

*+1/8, -1116 in. - Dicensions under 48 in. configur\ation, and 
*+3/16, -1116 in. - Dimensions over 48 in. .array dimensions 

[Appendix 141 [Appendix 14 ] 

Mounting Standardize panel-type modules for use *Integral-mounting of 
configuration in any of four configurations , . '  module; modulelarray is 

a structural roof member 
- 0  Shingle-type modules direct-mounted only 

[~ppendix 161 
[Appendix 141 



t h e  a r r a y  r ep laces  roof ing  and subs t ruc tu re .  However, i t  r e q u i r e s ' v e r y  

t i g h t  t o l e r ances  on roof s t r u c t u r e  t o  provide t h e  requi red  wa te r t i gh tnes s .  

Add i t i ona l ly ,  t h e  module must t r a n s f e r  a l l  l i v e  l oads  t o  t h e  roof s t ruc -  

t u r a l  members. Venting can a i d  back-surface cool ing  bu t  cons t ruc t ion  

i n t e r f a c e s  ( t y p i c a l l y  v e n t i l a t i o n  blockage due t o  improperly i n s t a l l e d  

i n s u l a t i o n )  can cause temperature d i f f e r e n t i a l s  ac ros s  t h e  a r r ay .  This  

con f igu ra t ion  i s  an a e s t h e t i c a l l y  accep tab le  s o l u t i o n ,  b u t  f u r t h e r  

development i s  necessary ,  and i s  recommended. 

The next  lowest c o s t  con f igu ra t ion  i s  d i r e c t  mounting of t h e  module t o  

t h e  roof over a  wa te r - t i gh t  membrane. Problems inherent  .with t h i s  

con f igu ra t ion  inc lude  cool ing  (only t h e  top su r f ace  i s  exposed),  i n s t a l -  

l a t i o n  and maintenance ( e l e c t r i c a l  connet t ions  must b e  made from t h e  top 

o r  s i d e ) ,  and water. shedding (water cannot be permit ted t o  accumulate 

under t h e  module) . 

Standoff mounting, wherein t h e  module i s  supported away from t h e  s u r f a c e  

of t h e  roo f ,  e l imina te s  problems a s soc i a t ed  wi th  d i r e c t  mounting, bu t  

w i th  a  pena l ty  of increased  c o s t .  Since t h e  i n s t a l l a t i o n  i s  n o t  

r equ i r ed  t o  form t h e  w a t e r t i g h t  membrane, water  passes  e a s i l y  under t h e  

module, a s  does a i r ,  which provides  some back su r f ace  cool ing.  Module 

loads  a r e  t r a n s f e r r e d  t o  t h e  b u i l d i n g  s t r u c t u r e  us ing  a  minimum substruc-  

t u r e ,  t y p i c a l l y  plywood. 

Rack-mounting is  t h e  most c o s t l y ,  has  t h e  l e a s t  a e s t h e t i c  appea l ,  and has 

t h e  most severe  s t r u c t u r a l  l i m i t a t i o n s  ( l a r g e  po in t  loadings)  of a l l  t h e  

con f igu ra t ions .  The s l a n t  he ight  i s  l i m i t e d  t o  16 f e e t  because of 

a e s t h e t i c  and s t r u c t u r a l  l i m i t a t i o n s .  I ts only a p p l i c a b i l i t y  i s  wi th  

f l a t - t o p  r o o f s  and he re ,  depending on t h e  presence of a  pa rape t ,  aesthe-  

' t i c  cons ide ra t ions  may l i m i t  i t s  use .  

The des ign  of shingle- type modules should fo l low many of t h e  implica- 

t i o n s  l i s t e d  i n  Table 3.  Based on a  review of c u r r e n t  R&D s h i n g l e  

modules and the  development of gene r i c  s h i n g l e  module concepts ( see  

Appendix 17) ,  f u t u r e  s h i n g l e  module designs should s t r i v e  t o  be r e c t i -  

l i n e a r ,  l i gh twe igh t ,  p l i a n t ,  and s i zed  f o r  easy handl ing and f a s t  i n s t a l -  

l a t i o n  wi th  a  minimum number of in te rconnect ions .  They should be durable  



t o  r e s i s t  weathering and tough t o  withstand shipping and rough handling 

a t  t h e  job s i t e .  Since shingle- type modules a r e  a form of d i r e c t  mount- 

i ng ,  i t  i s  recommended t h a t  t h e i r  development be  pursued. 

R e t r o f i t  of e x i s t i n g  b u i l d i n g s  t o  i nco rpora t e  a r r a y s  was inves t iga t ed .  

Pos i t i on ing  of t h e  a r r a y  f o r  optimum ti l t  ang le  and off-south azimuth 

i s  a p o t e n t i a l  problem. Those bu i ld ings  wi th  good south exposure and 

non- t i l e  r o o f s  can accollu~lodate t h e  a d d i t i o n a l  s t r u c t u r a l  load imposed 

by t h e  a r r a y  wi th  no problem - i n  gene ra l  bu i ld ings  a r e  designed f o r  

roof-loads of up t o  18 p s f .  I n  some cases  a d d i t i o n a l  a r r a y  a r e a  can be 

accommodated by add-on s t r u c t u r e s  such a s  a garage. 

E l e c t r i c a l  Design Impl ica t ions .  E l e c t r i c a l  design imp l i ca t ions  a r e  

summarized i n  Table 4.  I n  a d d i t i o n  t o  vo l t age  l e v e l ,  two o t h e r  impli-  

c a t i o n s  a r e  prominent: t e rmina t ions  and wir ing;  and grounding. 

Resu l t s  of wi r ing  s t u d i e s  i nd ica t ed  t h a t  /I14 AWG copper w i re  should b e  

used f o r , i n t e r c o n n e c t i o n  of modules. Wire s i z e  was determined by opt- 

mizing t h e  m a t e r i a l  c o s t  and t h e  ampacity ( t h e  a b i l i t y  t o  c a r r y  c u r r e n t ) .  

Although wi re  s i z e s  l e s s  than /I14 AWG could s a t i s f y  t h e  cu r r en t  requi re -  

ments, t h e  l a r g e r  product ion of /I14 AWG copper w i re  and i t s  consequent 

reduced c o s t  r e s u l t  i n  i t  being t h e  p r e f e r r e d  choice.  

The type  of cab le  (assembly of i n su la t ed  conductor) is  dependent on t h e  

a r r a y  mounting conf igura t ion .  The /I14 AWG copper w i re  should be  used 

i n  non-metallic sheathed cab le  (Type NM)or armored cab le  (Type B X ) ,  f o r  

dry l o c a t i o n s ,  and i n  underground f eede r  and branch c i r c u i t  c a b l e  

(Type UF), f o r  wet l o c a t i o n s .  Only e x i s t i n g  types of cab le  were inves- 

t i g a t e d  because code-approved cab le s  a r e  more r e a d i l y  accepted by l o c a l  

code o f f i c i a l s :  

Ex te rna l ly  (off module) mounted J-boxes should be used f o r  e l e c t r i c a l  

t e rmina t ions  u n t i l  a modular quick disconnect  system, which was pre- 

f e r r e d  based on lowest i n s t a l l e d  c o s t ,  i s  developed and code-approved. 



Table  4. E l e c t r i c a l  Design I m p l i c a t i o n s  

Topic Module Array 

Vol tage  l e v e l  100 Vdc t o  300 Vdc 

[Appendix 15  ]  

Te rmina t ions  and w i r i n g  Copper w i r e ,  /I14 AWG 

Dry l o c a t i o n s :  Non-metal l ic  shea thed  (Type NM) 
o r  armored (Type BX) c a b l e  

Wet l o c a t i o n s :  Underground f e e d e r  and branch 
c i r c u i t  (Type UF) c a b l e  

Use off-module J-box u n t i l  quick-connect  sys tem is  
developed and code-approved 

Grounding 

[Appendix 151 

Ground t h e  i n s t a l l a t i o n  

Except ions  may be granted  where l i v e  p a r t s  a r e  e f f e c -  
t i v e l y  i s o l a t e d  e l e c t r i c a l l y  

Code-approval r e q u i r e d  

[Appendices 4  and 101 



The whole a r e a  of module in te rconnect ion  and te rmina t ion  needs f u r t h e r  

development. The approach used i n  t h e  s tudy was t o  i n v e s t i g a t e  e x i s t i n g  

code-approved o r  p o t e n t i a l l y  code-approved e l e c t r i c a l  in te rconnect ion  

hardware so t h a t  near-term a p p l i c a t i o n s  can be  f i e l d e d  e a s i l y  w i th  a 

minimum of l o c a l  code problems. For t h e  long-term, however, development 

of i n t e g r a l  cab l ing  assemblies  t h a t  a r e  low-cost, maintenance-free,  and 

code-approved i s  mandatory. 

With r e spec t  t o  grounding, t h e  i n s t a l l a t i o n  s h a l l  be  grounded pa r t i cu -  

l a r l y  i f  any metal  frame o r  p a r t s  can become energized. Exceptions may 

be granted  f o r  modules and/or  a r r a y s  where l i v e  p a r t s  a r e  e f f e c t i v e l y  

i s o l a t e d  e l e c t r i c a l l y  from any conducting m a t e r i a l s .  Code approval  w i l l  

be  requi red  by l o c a l  code o f f i c i a l s  co a s s u r e  compliance. Some requi re -  

ments of grounding may be  c l a r i f i e d  i n  t h e  near  f u t u r e  a s  t h e  r e s u l t  of 

a c u r r e n t  JPL/LSA P r o j e c t  c o n t r a c t  wi th  Underwriters Labora tor ies ,  Inc .  

Safe ty  Design Impl ica t ions .  Table 5 summarizes t h e  s a f e t y ' d e s i g n  impli-  

c a t i o n s :  gene ra l ,  i n s t a l l a t i o n  and maintenance, f i r e ,  and e l e c t r i c a l  

i n s u l a t i o n  and grounding. 

The gene ra l  imp l i ca t ion  from t h i s  s tudy i s  t h a t  photovol ta ic  systems, 

inc luding  modules and a r r a y s ,  w i l l  b e  requi red  t o  comply wi th  t h e  

e l e c t r i c a l  requirements of t h e  NEC. Photovol ta ic  systems a r e  e l e c t r i c a l  

i n  n a t u r e  and t h e  r e s p o n s i b i l i t y  of t h e  Nat iona l  E l e c t r i c a l  Code i s  t h e  

s a f e t y  of persons and proper ty  due t o  hazards a r i s i n g  from t h e  use  of 

e l e c t r i c i t y .  A s  d i scussed  i n  Sec t ion  4 .1 ,  u n t i l  pho tovo l t a i c  systems 

a r e  covered i n  t h e  NEC, manufactureres ,  a r c h i t e c t s ,  and u s e r s  should 

seek c l a r i f i c a t i o n  from t h e  NEC when ques t ions  a r i s e .  

Safe ty  of modules and a r r a y s  must be. considered throughout t h e  e n t i r e  

design process ,  from manufacturing t o  i n s t a l l a t i o n  and maintenance 

inc luding  abnormal bu t  p o s s i b l e  events  l i k e  f i r e .  Each phase i n  t h i s  

process  imposes s a f e t y  requirements t h a t  must be addressed and solved 

by t h e  design of t h e  module and a r r ay .  



T a b l e  5 .  S a f e t y  Des ign  I m p l i c a t i o n s  

T o p i c  Elodule A r r a y  

G e n e r a l  Compliance t o  NEC r e q u i r e d .  

[Appendix 41 

I n s t a l l a t i o n  and 
m a i n t e n a n c e  

F i r e  

No s h o c k  h a z a r d  when h a n d l e d  i n  s u n l i g h t  

3 e s i g n  f o r  s i m p l e  i n s t a l l a t i o n  and m a i n t e n a n c e - f r e e  
o p e r a t  i o n  

[ A p p e n d i c e s  11 a n d  151 
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One s a f e t y  design impl ica t ion  coming from t h e  i n s t a l l a t i o n  and main- 

tenance of modules and a r r a y s  i s  t h a t  of shock. There is  a p o t e n t i a l  

e l e c t r i c a l  shock hazard when handling,  i n s t a l l i n g ,  and maintaining 

photovol ta ic  modules and a r r a y s .  Although t h e  shock may not be l e t h a l ,  

a  r e s u l t i n g  f a l l  from t h e  roof could be. Although no r egu la t ions  now 

e x i s t ,  r e g u l a t i o n s  governing t h e  i n s t a l l a t i o n  of t h e  modules and a r r a y s  

would l i k e l y  come from t h e  Occupational Safe ty  and Health Agency (OSHA). 

Three p o t e n t i a l  s o l u t i o n s  t o  t h i s  problem follow. 

1. Provide a  quick-connect e l e c t r i c a l  t e rmina t ion  assembly wi th  no 

exposed l i v e  p a r t s  on e i t h e r  t h e  male o r  female f i t t i n g s .  

2.  Provide a  quick-connect . e l e c t r i c a l  t e rmina t ion  assembly t h a t  w i l l  

i n t e r n a l l y  s h o r t  c i r c u i t  t h e  module when t h e  f i t t i n g s  a r e  par ted .  

3. Provide t h e  module wi th  an  opaque cover such a s  s t r i p p a b l e  paper 

which would s h i e l d  t h e  s u r f a c e  dur ing  shipping,  handl ing and i n s t a l -  

l a t i o n .  When t h e  a r r a y  was completely assembled and wired,  t h e  

p r o t e c t i v e  paper would be removed. 

The module's e l e c t r i c a l  i n s u l a t i o n  system and grounding system must be 

designed a s  a  whole. The a r r a y  grounding philosophy p l aces  requirements 

( l i n i i t a t i ons )  on t h e  i n s u l a t i o n  system. For t he  near  

term, r e s i d e n t i a l  modules should be designed f o r  a  vo l t age  withstand of 

1600 Vdc. This  i s  based on t h e  Underwriters Labora to r i e s  gu ide l ines  f o r  

ac  equipment of twice t h e  working vo l t age  p lus  1000 v o l t s ,  and a  300 Vdc 

maximum a r r a y  ope ra t ing  vol tage .  This  should provide adequate  vo l t age  

i s o l a t i o n  over  t h e  l i f e  of t h e  system i f  t h e  app ropr i a t e  e l e c t r i c a l  

s t r e s s  va lues  a r e  known, which i s  c u r r e n t l y  n o t  t h e  case.  E l e c t r i c a l  

s t r e s s  parameters f o r  module i n s u l a t i o n  (encapsula t ion)  systems a r e  

c u r r e n t l y  being surveyed by Bechtel  Nat iona l ,  I nc . ,  f o r  t h e  JPL/LSA 

Pro jec t .  Fur ther  d a t a  from t h a t  s tudy  may l ead  t o  design improvements 

i n  t h e  module e l e c t r i c a l  i n s u l a t i o n  (encapsulat ion)  systems commensurate 

wi th  t h e  l i f e ,  performance, and c o s t  goa ls ,  and t h e  a r r a y ' s  grounding 

philosophy. 

Another r e l a t e d  imp l i ca t ion  is  t h a t  i n s t a l l a t i o n  and maintenance ease  

and s a f e t y  should be  designed i n t o  t h e  module and a r r a y .  For example, 

modules wi th  g l a s s  top  covers  a r e  hazardous t o  work on because of t h e i r  



s l i c k  su r f ace .  I n  t h i s  ca se ,  s p e c i a l  equipment and/or  procedures must 

be  developed t o  f a c i l i t a t e  s a f e  i n s t a l l a t i o n  and maintenance. 

F i r e  s a f e t y ,  addressed by a l l  t h e  codes reviewed, was emphasized by t h e  

Nat iona l  F i r e  P r o t e c t i o n  Assoc ia t ion  (NFPA) Code. R e s i d e n t i a l  modules 

and a r r a y s  i n s t a l l e d  on t h e  roof of one and two family dwell ings w i l l  

probably be  requi red  t o  conform t o  e x i s t i n g  bu i ld ing  code r e s t r i c t i o n s  

f o r  roof coverings.  These r e s t r i c t i o n s  permit l i m i t  combus t ib i l i t y  i n  

c o n t r a s t  w i th  high d e n s i t y  r e s i d e n t i a l  cons t ruc t ion ,  o r  commercial, 

% i n d u s t r i a l ,  and i n s t i t u t i o n a l  cons t ruc t ion  where f i r e  r e s i s t a n c e  and 

non-combust ibi l i ty  requirements a r e  more severe.  Problems have a r i s e n ,  

however, i n  the  a p p l i c a t i o n  of t h e  e x i s t i n g  f i r e  code requirements t o  

pho tovo l t a i c  modules and a r r ays .  

The most p o t e n t i a l l y  severe  f i r e  code r e s t r i c t i o n  uncovered i n  t h e  study 

i s  t h e  l i m i t a t i o n  placed on i tems ca tegor ized  a s  roof-mounted p l a s t i c s .  

Rack o r  s tandoff  mounted r e s i d e n t i a l  photovol ta ic  modules and a r r a y s  can 

be considered by l o c a l  code o f f i c i a l s  t o  b e  "roof panels ,"  which impose 

t h e  fo l lowing  r e s t r i c t i o n s :  

1. The p l a s t i c  encapsulants  must be  code-approved, q u a l i f i e d  sepa ra t e ly  

(not  i n  an  encapsula t ion  system) by a n a t i o n a l l y  recognized t e s t i n g  

s e r v i c e  (Underwriters Labora to r i e s ,  I n c . ,  f o r  example) t o  be i n  con- 

formance with t h e  code-specif ied t e s t ,  ASTM D635, "Flammability of 

Rigid P l a s t i c s  Over 0.05 Inches i n  Thickness." 

2 .  Once t h e  p l a s t i c  m a t e r i a l s  a r e  s epa ra t e ly  approved, t h e  t o t a l  roof 

a r e a  of the  encapsulated m a t e r i a l s  (now i n  modules) i s  f u r t h e r  

l i m i t e d  'by t h e  codes from 20 percent  of f l o o r  a r e a  (s tandard roof 

covering f i r e  r e s i s t a n c e )  t o . 3 0  percent  of f l o o r  a r e a  (h ighes t  
2 

degree of f i r e  r e s i s t a n c e ) .  For example, a 2000 f t  res idence  would 
2 

be  l i m i t e d  t o  between 400 and 600 f t  of approved p l a s t i c  m a t e r i a l  

(modules) mounted on t h e  roo f .  

'On t h e  o t h e r  hand, d i r e c t  and i n t e g r a l  mounted r e s i d e n t i a l  photovol ta ic  

modules and a r r a y s  would be  considered a s  roof coverings by l o c a l  

bu i ld ing  code o f f i c i a l s .  Here, modules and a r r a y s  q u a l i f i e d  by a 



n a t i o n a l l y  recognized t e s t i n g  s e r v i c e  t o  be  i n  conformance wi th  UL 790, 

"Tests  f o r  F i r e  Res is tance  of Roof Covering Mate r i a l s , "  could be 

i n s t a l l e d  on t h e  roof of t h e  res idence  without  any a r e a  r e s t r i c t i o n s .  

It i s  recommended, however, t h a t  f u r t h e r  s t u d i e s  be  undertaken t o  de t e r -  

mine t h e  a p p l i c a b i l i t y  of Class  A ,  B y  and C requirements t o  photovol ta ic  

modules and a r r a y s  s i n c e  t h e  ex t en t  t o  which roof m a t e r i a l s  must be  f i r e  

r e s i s t a n t  i s  dependent upon geographic l o c a t i o n  and t h e  degree of f i r e  

danger. 

Aes the t i c  Design Impl ica t ions .  Table 6 summarizes t h e  a e s t h e t i c  design 

impl ica t ions :  s i z e ,  t e x t u r e ,  p a t t e r n ,  and co lo r .  The impact of r e s i -  

d e n t i a l  cons t ruc t ion  a e s t h e t i c s  on t h e  photovol ta ic  a r r a y  i s  consider-  

ab le .  The ma jo r i t y  of home buyers  a r e  extremely conserva t ive  and bound 

t o  t r a d i t i o n .  Any new, s t rong  design impact,  which r e q u i r e s  market 

condi t ion ing  and cha l lenges  t r a d i t i o n ,  should expect t o  encounter i n i t i a l  

nega t ive  r eac t ions .  However, i f  t h e  design of t h e  modules and a r r a y s  

a r e  tempered wi th  a e s t h e t i c  cons ide ra t ions ,  t h e  i n i t i a l  nega t ive  pub l i c  

r e a c t i o n  should be minimized. 
\ 

The fou r  b a s i c  elements of r e s i d e n t i a l  a e s t h e t i c  design t h a t  should be  

addressed i n  t h e  des ign  of t h e  photovol ta ic  module and i t s  i n t e g r a t i o n  

i n t o  t h e  res idence  a s  a n  a r r a y  a r e  s i z e  ( s c a l e ) ,  t e x t u r e ,  p a t t e r n ,  and 

co lo r .  

The a r r a y  s i z e ,  a s  d i scussed  i n  t h e  o v e r a l l  design imp l i ca t ions ,  p re sen t s  
.. 

, a  problem t o  r e s i d e n t i a l  a e s t h e t i c s .  One thousand square  f e e t  of any 

m a t e r i a l  i n  a  s i n g l e  p lane  i s  more dominant than  any o t h e r  e x i s t i n g  

m a t e r i a l  o r  su r f ace  design c r i t e r i a  i n  t h e  p re sen t  r e s i d e n t i a l  housing 

indus t ry .  The l e s s  &ray a r e a ,  t h e  b e t t e r  t h e  a e s t h e t i c s .  This,  of 

course,  has  o v e r a l l  e f f i c i e n c y  imp l i ca t ions  of 13.5 percent  a t  NOCT f o r  
2  

t h e  near  term goa l  of 74 m2 (800 f  t ) of a r r a y  a rea .  Also, t h e  a r r a y s  

should l i e  i n  t he  plane of t h e  roof of t h e  res idence  - implying d i r e c t  

o r  i n t e g r a l  mounting - and b e  a s  continuous a s  poss ib le .  Discontinuous 

a r r a y s  c r e a t e ,  i n  a d d i t i o n  t o  a e s t h e t i c  problems, many mechanical and 

e l e c t r i c a l  problems. 



T 2 b l e  6 .  A e s t h e t i c  Design l m p l i c ; ~ t i o n s  

T o p i c  Modu 1 e  Ar ray  

a S i z e  ( s c a l e )  - a 74 m 2 (800  f t  2 ) . p r e f e r r e d  w i t h  
e f f i c i e n c y  o f  1 3 . 5 %  o r  g r e a t e r  
a t  NOCT (10 kWp) 

a L i e  i n  and. be a  c o n t i n u a t i o n  
o f  r o o f  p l a n e  
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a T e x t u r e  

a P a t t e r n  

a Color  

a Approximate  m a t t e - l i k e  a A r r a y  is  c o n t i n u a t i o n  o f  t h e  
t e x t u r e  o f  t h e  r o o f  t e x t u r e  o f  r o o f  p l a n e .  ( D i r e c t  

o r  i n t e g r a l  mount) 
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a R e c t a n g u l a r ,  approx-  a Subdued w i t h  r e c t a n g u l a r  p a t t e r n  
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a Dark e a r t h t o n e ,  s i m i l a r  t o  s u r r o u n d i n g  r o o f  m a t e r i a l  
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'The t e x t u r e  of t h e  module and a r r a y  shou ld  i d e a l l y  b e  s i m i l a r  t o  t h e '  

m a t t e - l i k e  q u a l i t y  of t h e  r o o f i n g  m a t e r i a l .  The a r r a y  shou ld  n o t  b e  

arl a d d i t i o n a l  r o o f i n g  element b u t ,  r a t h e r ,  shou ld  b e  a  c o n t i n u a t i o n  of 

t h e  t e x t u r e  of t h e  roof m a t e r i a l  and p l a n e ,  t h e  l a t t e r  a g a i n  implying a  

d i r e c t  o r  i n t e g r a l  mount. A m a t t e - l i k e  f i n i s h  on t h e  module may, however, 

c a u s e  more d i r t  r e t e n t i o n  and consequen t ly  more performance d e g r a d a t i o n  

t h a n  a  smooth g l a s s  f i n i s h ,  b u t  t h e  smooth g l a s s  f i n i s h  is  n o t  a e s t h e -  

t i c a l l y  p l e a s i n g .  C r e a t i v e  a r c h i t e c t u r a l  des ' igns o r  i n n o v a t i v e  g l a s s  

e n g i n e e r i n g  d e s i g n s  may h e l p  t o  minimize t h i s  problem, b u t  u n t i l  t h e n  a 

m a t t e - l i k e  f i n i s h  shou ld  b e  a d e s i g n  g o a l  f o r  r e s i d e n t i a l  modules and 

a r r a y s .  
I 

The p a t t e r n  of t h e  a r r a y  shou ld  be  subdued and r e c t a n g u l a r .  Any i n s t a l -  

l a t i o n  w i t h  a  s c a l e  ( s i z e )  problem should n o t  b e  accompanied by a s t r o n g  

p a t t e r n ;  t h e  o v e r a l l  a e s t h e t i c  e f f e c t  would b e  n e g a t i v e .  T h i s  means 

t h e  p a t t e r n . s h o u l d  b e  a s  subdued a s  p o s s i b l e ,  implying t h a t  t h e  f raming  

be  t h e  same c o l o r  and t e x t u r e  as t h e  module a n d , s u r r o u n d i n g  r o o f i n g  

m a t e r i a l .  It should b e  d i f f i c u l t  f o r  an  o b s e r v e r  on t h e  ground t o  

i d e n t i f y  t h e  j o i n t  between module and f raming.  

Secondly,  t h e  e lements  of t h e  p a t t e r n  (modules) shou ld  b e  r e c t a n g u l a r .  

T h i s  r e c t a n g u l a r  p a t t e r n  i s  c a r r i e d  throughout  t h e  r e s i d e n t i a l  i n d u s t r y  

and t h e  o n l y  s q u a r e  s h a p e s  used are u s u a l l y  l e s s  t h a n  one f o o t  s q u a r e ,  

such as c e r a n i c  t i l e  and v i n y l  f l o o r  t i l e .  The module shape shou ld  

c o n s i d e r  t h e  c l a s s i c  r u l e s  of p r o p o r t i o n ;  t y p i c a l l y ,  a two-to-one r a t i o .  

The a r r a y  c o l o r  shou ld  b e  d a r k  brown o r  a d a r k  e a r t h t o n e  c o l o r  similar 

t o  t h e  su r rounding  roof i n g  m a t e r i a l .  The f raming shou ld  b e  t h e  same 

c o l o r  as t h e  module. 

Environmental  Design I m p l i c a t i o n s .  T a b l e  7 summarizes t h e  environmental  - 
d e s i g n  i m p l i c a t i o n s .  As a r e s u l t  of t h e  s t u d y ,  many e x i s t i n g  t e s t  

s t a n d a r d s  were found i n  ' r e l a t e d  areas of env i ronmenta l  d e s i g n  and are 

r e f e r e n c e d  o r  i n c o r p o r a t e d  i n  Appendix 19.  D i s c r e t i o n  shou ld  b e  exer-  

c i s e d  i n  t h e  u s e  of t h e s e  test  s t a n d a r d s  u n t i l  t h e i r  a p p l i c a b i l i t y  i s  

determined by t h e  JPL/LSAProj 'ec t .  Re levan t  ones  are l i s t e d  i n  T a b l e  7. 



T a b l e  7 .  E n v i r n n m e n t a l  D e s i g n  I m p l i c a t i o n s  

T o p i c  E l o c i o  I c. A r r a y  

S t r u c t t ~ r a l  l o a d i n g  50 p s f  d e s i g n  l o a d  

P a s s  ASTEl C393  f l e x u r e  t e s t  
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M o i s t u r e  r e s i s t a n c e  S t r u c t i ~ r a l  a n d  o t h e r  m e t a l  p a r t s  p a s s  ASTM D2247 

[ A p p e n d i x  1 9 1  

P a s s  MIL-STD-SlOC, M e t h o d  5 0 8 . 1 ,  P r o c e d u r e  I 
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S h i p p i n g  a n d  h a n d l i n g  P r o v i d e  t e m p o r a r y  s t  i F f e n e r s  i f  f 1 . e x u r a l  rid id it.^ 
i s  r e q u i r e d  d u r i n g  h a n d l i n g  

[ A p p e n d i x  j . 7 ~  

P a s s  MIL-STD-810C. M e t h o d  516.2,  P r o c e d u r e  I 
( S h i p p i n g  T e s t )  a n d  P r o c e d u r e  I1 ( T r a n s i t  D r o p  
T e s ' t  ) 
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S h i p p i n g  c o n t a i n e r s  p a s s  ASTT.1 D775 d r o p  t e s t  
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- 



F i r s t  and foremost of t h e  environments i s  s t r u c t u r a l  loading.  Here the  
I 

va r ious  loads  - dead, l i v e ,  wind, se i smic ,  c o n s t r a i n t  ( thermal ) ,  i c e ,  

h a i l ,  and maintenance - , a l l  a c t  on the  module and a r r a y  during i t s  

s e r v i c e  l i f e .  The module and a r r a y  must be  designed t o  su rv ive  these  

a n t i c i p a t e d  loads  a c t i n g  i n d i v i d u a l l y  o r  c o l l e c t i v e l y .  By review of t h e  

va r ious  r eg iona l  loads  i d e n t i f i e d . b y  t h e  Model Codes and t h e i r  referenced 

s tandards ,  i t  was determined t h a t  a  module design load of 50 psf would . 

be appropr i a t e  f o r  over 90 percent  of t h e  c o n t i n e n t a l  United S t a t e s ,  

excluding only h igh  wind and h igh  snow a reas .  Th i s  design load was 

derived us ing  s t a t i c  design load t a b l e s  and techniques, Other design 

techniques,  such a s  u l t i m a t e  des ign ,  could have been used and, a l though 

r e s u l t i n g  i n  a  h igher  design load ,  could r e s u l t  i n  l i g h t e r  and l e s s  

expensive s t r u c t u r e s  and/or  modules. Use of those  techniques should be 

i n v e s t i g a t e d  a s  p a r t  of i n t e g r a t e d  module/array design s t u d i e s .  

Once t h e  des ign  loading i s  known, t h e  module (and t h e  a r r a y )  must be  

designed t o  wi ths tand  f l e x u r e  dae t o  d i s t o r t i o n  i n  i t s  i n s t a l l e d  posi-  

t i on .  It is  d i f f i c u l t  t o  achieve  even p re s su re  a long  t h e  per imeter  of 

a  f l a t  panel .  Although torque 'wrenches a r e  provided on l a r g e  i n d u s t r i a l  

g l az ing  p r o j e c t s  t o  achieve  even p re s su re ,  they a r e  not  app ropr i a t e  f o r  

use i n  t h e  housing indu'stry and t h e i r  u se  should be  avoided, The f l e x u r e  

p r o p e r t i e s  of modules can be  t e s t e d  us ing  ASTM C 393, "Standard Methods 

of Flexure Test of F l a t  Sandwich Cons t ruc t ion ,"which  i s  used by t h e  

g laz ing  indus t ry .  

Curren t ly  t h e  JPL/LSA P r o j e c t  i s  providing gu ide l ines  a n d . t e s t  procedures 

f o r  eva lua t ing  encapsula t ion  m a t e r i a l s  f o r  a  v a r i e t y  of environmental 

condi t ions .  These t e 2 t  procedures a r e  be ing  evaluated con t inua l ly  t o  

determine t h e i r  a p p l i c a b i l i t y  f o r  t h e  app ropr i a t e  f a i l u r e  o r  degradat ion 

mechanism wi th in  the.module.  Because the .p rocedures  a r e  developed 

s p e c i f i c a l l y  f o r  modules, they  should be  used i n  t h e  f u t u r e  a s  t h e  b a s i s  

. f o r  pho tovo l t a i c  i ndus t ry  standards.. 

The fol lowing e x i s t i n g  t e s t  s tandards ,  found during t h e  s tudy ,  which may 

be  r e l evan t  a r e  incorpora ted  i n t o  Appendix 19: 



e Humidity t e s t  f o r  s t r u c t u r a l  and ' o t h e r  metal. p a r t s ,  ASTM D 2247, 

"Coated Metal  Specimens a t  One Hundred P e r c e n t  ~ e l a t i v e  13umidity." 

a A r a i n  t e s t  i s  needed, p a r t i c u l - a r l y  f o r  d i r e c t  mounted panel-  

t y p e  modules, and s h i n g l e - t y p e  modules. MIL-STD-810C, Method 

506.1 could  s e r v e  a s  t h e  b a s i s  o f  a n  i n d u s t r y  s t a n d a r d .  

a Fungus t e s t ,  MIL-STD-810C, Method 503.1, P rocedure  I. 

a For modules and a r r a y s  expected t o  b e  i n s t a l l e d  i n  a  s a l t - l a d e n  

(Wastal)  environment,  ASTM B 117, "Standard Method of S a l t  Spray 

(Fog) T e s t i n g , "  fo l lowed by a n  e l e c t r i c a l  t e s t .  

The d e s i g n  of p h o t o v o l t a i c  modules f o r  t h e  r e s i d e n t i a l  i n d u s t r y  must 

accommodate t h e  c o n s t r u c t i o n  h a b i t s  and c h a r a c t e r i s t i c s  of t h a t  i n d u s r r y .  

It i s  n o t  uncommon f o r  b u i l d i n g  m a t e r i a l  components d u r i n g  s h i p p i n g  and 

h a n d l i n g  t o  be s u b j e c t e d  t o  s t r e s s e s  f a r  i n  e x c e s s  o f  what they w i l l  

e x p e r i e n c e  i n  a c t u a l  s e r v i c e .  For  example, s h e e t s  of g l a s s ,  which a r e  

s u f f i c i e n t  t o  w i t h s t a n d  d e s i g n  wind l o a d s  when i n s t a l l e d ,  can be  e a s i l y  

broken i f  they a r e  c a r r i e d  f l a t  by two men over  a  rough b u i l d i n g  s i t e .  

Such c o n s i d e r a t i o n s  must be  t a k e n  i n t o  account  by t h e  module manufac tu re r .  

Packaging methods and m a t e r i a l s  shou ld  p r e c l u d e  t h e  need f o r  h a n d l i n g  

p rocedures  of any k ind .  For example, i f  a module d e s i g n  r e q u i r e s  f l e x -  

u r a l  r i g i d i t y  d u r i n g  h a n d l i n g ,  temporary s t i f f e n e r s  shou ld  be provided 

by t h e  module manufac tu re r .  

U n t i l  s p e c i f i c  p h o t o v o l t a i c  s t a n d a r d s  are deve loped ,  two test methods 

whi.ch may be  used w i t h  d i s c r e t i o n  t o  e v a l u a t e  modules f o r  s h i p p i n g  and 

h a n d l i n g  s t r e s s e s  a r e  MIL-STD-810C, Method 516.2,  P rocedure  I (Shipping 

T e s t )  and Procedure  I1 ( T r a n s i t  Drop T e s t ) ;  and ASTM D 775, "Standard 

Method of Drop T e s t  f o r  Sh ipp ing  Conta iners  ." ' 

S h i n g l e  Module Design I m p l i c a t i o n s .  The sh ing le - type  module i n t e g r a t e s  

a  p h o t o v o l t a i c  module i n t o  a  r o o f i n g  e lement .  The module i s  d i r e c t  

mounted on t h e  roof u s i n g  s t a n d a r d  r o o f i n g  t e c h n i q u e s  ( i d e a l l y ) ,  each 

module needing on ly  enough' s t r u c t u r a l  r i g i d i t y  t o  s u r v i v e  s h i p p i n g  

h a n d l i n g  and i n s t a l l a t i o n .  The r e s u l t a n t  a r r a y  b l e n d s  i n  w i t h  o t h e r  

r o o f i n g  m a t e r i a l s  ( i d e a l l y ) ,  forming a n  a e s t h e t i c a l l y - p l e a s i n g  

4 0 



ins ta l la t ion .  Although the current R&D shingle module design es tabl ishes  

technical f e a s i b i l l t y  of t h i s  concept, it was found t o  be labor intensive 

design, involving over 3000 interconnections t o  form a 1000 f t 2 ,  10 kWp 

array (see Appendix 17).  

Review of the  preceding implications and current building materials and 

pract ices  suggests t ha t  a 1986 shingle module should be larger  i n  s i z e  

with higher packing efficiency (rectangular so la r  ce l l s )  to  minimize 

ins ta l la t ion .  This module should u t i l i z e  materials consistent with 

current roofing and have a dark earthtone color. Figure 5 i l l u s t r a t e s  

a possible design. 

It i s  f e l t  tha t  fur ther  work i s  necessary t o  f u l l y  develop the potent ia l  

of the  shingle type module. 

c .  - : ~ i ' g u i e  5. Potent ia l  '1986 Shingle Module Design 
- ,.---T- 7-.< .,.,*.;-- --- : ..',~ -- .. - 

- . . . . 
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4.3 COST TRADE-OFF IWLICATIONS 

This section summarizes the  res ident ia l  photwolta ic  array in s t a l l a t i on  

cost  data developed during the study. The cost  data assumes a mature 

market, one wherein a l l  components a r e  readily available and s i t e  labor 

i s  familiar with the i n s t a l l a t i o n  practices.  No quantity discounts were 

assumed, a s  could be expected i n  a housing development; ra ther ,  t he  costs  

a r e  consistent with a bui lder  who constructs 50 t o  100 individual houses 

per year using the same technology and constmction practices.  The costs  

shown represent the  bu i lder ' s  costs,  including marketing and distribu- 

t i on  for  the  site materials used - sealant ,  gaskets, wood, etc.. and 

excludes indirect  costs  such a s  architect/engineering and sa les  fees. 

The t o t a l  ins ta l led  cost  does not include the cost  of the  photovoltaic 

module, but i s  the  addi t ional  cost  f o r  a builder t o  i n s t a l l  t he  photo- 

vo l t a i c  modules i n t o  a r e s iden t i a l  array. 

The cost  data were derived using array in s t a l l a t i on  d e t a i l s  which a re  

cgnsistent with current housing pract ices  but a r e  not optimized. This 

was done so tha t  cost  dr ivers ,  when ident i f ied ,  would indicate  areas 

where current pract ice  could be improved upon through technology devel- 

opment. The s t ruc tu ra l  load used to  develop the d e t a i l s  was 50 psf.  

To maintain consistency, industry cost-estimating tables  were used. 

Cost data i n  t h i s  sect ion were summarized from Appendices 14, 15, and 16. 

Amay Voltage. Table 8 summarizes the  wiring cost  data f o r  the  32 by 

96 inch panellmodule. Three d i f fe ren t  voltage levels  - 30, 100, and 

220 Vdc - and two termination types - J-box and modular quick-connect - 
were evaluated f o r  three d i f fe ren t  array sizes.  The 8 by 133 f t  array 

i s  an extreme case; most res ident ia l  housing do not have 133 f t  of 

continuous roof available. Ihe other two array -sizes - 16 by 67 f t  and 

24 by 45 f t  - a r e  more r e a l i s t i c .  

A s  seen i n  the table ,  t h e  wiring costs  decrease a s  voltage leve l  increase. 

This is i l l u s t r a t ed  i n  Figure 6 f o r  the  16 by 67 f t  array. The reason 

f o r  the  drop is primarily t he  savings i n  conductor sizing; a s  the  voltage 



Table 8. Wiring Costs f o r  32 by 96 Inch P a n e l / ~ o d u l e s  

100 200 

ARRAY VOLTAGE, Vdc 

Condition/ 
Termination 

KYModular  

.?-Box 

WET Modular 

J-Box 
J 

Figure  6. Wiring Costs  Versus Array Voltage f o r  32 by 96 Inch 
~ k e l ~ ~ o d u l e s  i n  16 by 67 Foot Array , 

WIRING COSTS, 1975 $/m 
2 

2 .  
8 x 133 (99.1 m ) Array 

30 Vdc 100 Vdc 220 Vdc 
\ 

11.90 6.70 6.10 

11.40 6.70 6.30 

12'.40 7.20 6.60 

17.40 13.20 12.80 

2 
16 x 67 (99.1 m ) .Array 

30 Vdc 100 Vdc 220 Vdc 

10.40 6.30 5.90 

9.90 6.90 6.20 

10.90 6.70 6.40 

16.40 13.40. 12.70 

2 
24 x 45 (101.1 m ) Array 

30 Vdc' 100 Vdc 220 Vdc 

9.60 6.10 6.00 

10.00 6.60 6.40 

9.90 6.60 6.40 

16.70 13.10 12.90 
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Figure ?.  Standoff Mounting -- Array Costs Versus Module Size 
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F i g u r e l l i .  Rack (Roof) Mounting -- Array C o s t s  Versus  Module S i z e  



i n c r e a s e s ,  t h e  c u r r e n t  d e c r e a s e s ,  and t h e  w i r e  d i a m e t e r  d e c r e a s e s .  A s  seen  

i n  F i g u r e  6 ,  t h e  optimum a r r a y  v o l t a g e  ranges  between 100 and 300 Vdc, and 

i n  t h a t  r ange ,  t h e  modular quick-connect  t e r m i n a t i o n  system c o s t s  l e s s  t h a n  

t h e  J-box system.  

Module S ize .  F i g u r e s  7 ' t h r o u g h  10 i l l u s t r a t e  t h e  e f f e c t  on i n s t a l l e d  c o s t  

of u s i n g  modules o t h e r  t h a n  f u l l - s i z e  i n  t h e  a r r a y .  Three  module s i z e s  

were e v a l u a t e d ,  32 by 96 i n c h  ( - f u l l - s i z e ) ,  16 by 48 i n c h ,  and 16 by 24 inch .  

As i s  s e e n  i n  t h e  f i g u r e s ,  t h e  i n s t a l l e d  c o s t  i n c r e a s e s  as module s i z e  

d e c r e a s e s .  T h i s  i s  due t o  i n c r e a s e d  w i r i n g  c o s t s  t o  connect  t h e  modules 

i n t o  a p a n e l ,  i n c r e a s e d  p a n e l  s t r u c t u r a l  c o s t s  t o  s u p p o r t  t h e  modules, 

and i n c r e a s e d  s e a l a n t  o r  g a s k e t s  t o  p r o v i d e  water-proof ing.  A s  i s  s e e n  

from t h e  f i g u r e s ,  t h e  optimum module s i z e  o c c u r s  when t h e  module i s  t h e  

same s i z e  a s  t h e  p a n e l  - 32 by 96 inch .  

A  r o o f i n g  c r e d i t  was i n c l u d e d  f o r  t h e  i n t e g r a l  and d i r e c t  mounting con- 

f i g u r a . t i o n s  because  normal ly  used r o o f i n g  m a t e r i a l s  are n o t  needed i n  

t h e  a r e a  t h e s e  a r r a y  c o n f i g u r a t i o n s  w i l l  b e  i n s t a l l e d  on. The roof c r e d i t  

used ,  t h a t  d i s p l a c i n g  325i l  a s p h a l t  s h i n g l e s ,  i s  c o n s i s t e n t  w i t h  t h e  

20 y e a r  des ign  l i f e  assumed f o r  t h e  modules and a r r a y .  
. - 

Array Mounting C o n f i g u r a t i o n .  T a b l e  9  summarizes t h e  i n s t a l l e d  c o s t  d a t a  

f o r  t h e  d i f f e r e n t  a r r a y  mounting c o n f i g u r a t i o n s .  A s  i s  s e e n ,  t h e  i n t e g r a l  

mounted a r r a y ,  where in  t h e  modules a r e  a s t r u c t u r a l  roof  member, h a s  t h e  

l o w e s t  c o s t .  Next l o w e s t  i s  t h e  d i r e c t  mounted a r r a y ,  wherein  t h e  module 

i s  p laced  on t o p  of t h e  roof  o v e r  t h e  waterproof  membrane. The ground- 

mounted r a c k  i s  most expensive .  As can be' s e e n  from t h e  t a b l e ,  c o s t  

d r i v e r s  i n c l u d e  t h e  panel lmodule  s u p p o r t  f rame,  mounting g a s k e t s ,  and t h e  

i n s t a l l a t i o n  of t h e  panel lmodule .  Cost  r e d u c t i o n s  a r e  p o s s i b l e  through 

d e s i g n  of i n t e g r a t e d  modules and a r r a y s .  T h i s  e f f o r t  shou ld  b e g i n  soon 

. t o  meet t h e  g o a l s  of t h e  P h o t o v o l t a i c s  Program. 



Table 9 . .  Array Mounting Conf igura t ion  I n s t a l l a t i o n  Cost Summary 
f o r  32 by 96 Inch Panel/Modules 

NOTES : 

COST COMPONENT 

a w i r  ingl 

Panel/Module 
Support Frame 

a Panel/Module 
I n s t a l l a t i o n  

a Mounting Gaskets 

. a Sea l an t  

Roof Bracing 

F lash ing  

Rack S t r u c t u r e  
2 

a Fence 
3 

I n s t a l l a t i o n  Cost 

Roofing C r e d i t  
4 

T o t a l  I n s t a l l e d  Cost 

1975 $ /m2  

(1980  $ / m 2 )  

1 .  220 Vdc 
2 .  Wood s t r u c t u r e .  I nc ludes  conc re t e  f o o t i n g s  f o r  ground-mounted 

rack  a r r a y s .  
3 .  Needed f o r  s a f e t y .  
4 .  C r e d i t  fo r .norma1 roof ing  m a t e r i a l s  d i sp l aced  by t h e  pho tovo l t a i c  a r r a y .  

F o r . i n t e g r a 1  mounting, i t  inc ludes  t h e  c o s t  of % inch plywood, 15i l  
f e l t  paper ,  and 325# a s p h a l t  s h i n g l e s .  For d i r e c t  mounting, i t  i s  t h e  
c o s t  of 325i l  a s p h a l t  sh ing l e s .  

ARRAY INSTALLATION COSTS, 1975 $/m 
2 

INTEGRAL 

' 5 . 9 0  

5 .80  

19 .60  

9 .40  

- 

1.70 

- 

- 
- 

42 .40  

17.10 

25.30 

(35 .50 : )  

RACK 
.ROOF 

6 . 4 0  

' 1 2 . 8 0  

6 . 7 0 .  

- 

3.20 

- 

5.30 

11.90 

- 

46.30 

- 

46.30  

( 6 4 . 9 0 )  

DIRECT 

5.90  

10 .40  

19 .20  

4 .80  

0 .70  

- 

- 

- 

- 

41  .OO 

1.0.40 

30.60 

( 4 2 . 9 0 )  

G R O U N D .  

6 .40  

12.80 

6 .70  

- 

3.20 

- 

- 

12.30  

17 .OO 

58.40 

- 

58.40 

( 8  1 . 8 0 )  

STANDOFF 

6.40  

14.20 

6 .70  

8.90 

- 

- 

5.40  

- 

- 

41.60  

- 

41.60  

(58 .30 )  



Sect ion  5 

CONCLUSIONS 

Conclusions of t h i s  s tudy a r e  t h a t :  

1. I n  o r d e r  t o  p e n e t r a t e  t h e  housing i n d u s t r y ,  r e s i d e n t i a l  photo- 

v o l t a i c  modules and a r r a y s  must comply w i t h  b u i l d i n g  codes and 

t h e i r  re fe renced  s tandards .  

2.. A review of c u r r e n t  b u i l d i n g  codes and t h e i r  re fe renced  s t anda rds  

found t h a t :  a )  t h e r e  were no perceived major o b s t a c l e s  t o  t h e  

development and eventua l  implementation of pho tovo l t a i c  modules 

and a r r a y s  i n t o  t h e  housing indus t ry ,  b)  r e s i d e n t i a l  pho tovo l t a i c  

modules and a r r a y s  w i l l  have t o  comply wi th  t h e  Nat iona l  Elec- 

t r i c a l  Code (NEC), and c )  t h e r e  a r e  no a p p l i c a b l e  code c a t e g o r i e s  

f o r  pho tovo l t a i c  modules and a r r a y s .  With no code ca tegory  f o r  

pho tovo l t a i c  modules a n d . a r r a y s ,  e x i s t i n g  c a t e g o r i e s  would be  

used by l o c a l  bu i ld ing  code o f f i c i a l s  r e s u l t i n g  i n  p o s s i b l e  

r e s t r i c t i o n  o r  r e j e c t i o n  

3. Product approval  of pho tovo l t a i c  modules and a r r a y s  by a n a t i o n a l l y  

recognized t e s t i n g  l abo ra to ry ,  i n d i c a t i n g  compliance wi th  a l l  

industry-accepted s t anda rds ,  w i l l  a c c e l e r a t e  acceptance by l o c a l  

bu i ld ing  code o f f i c i a l s .  

4 .  Code approval ,  acceptance  by b u i l d i n g  code groups of  pho tovo l t a i c  

modules and a r r a y s  which have product approva l ,  w i l l  be necessary  

f o r  widespread a p p l i c a t i o n  of  pho tovo l t a i c  power systems. 

5 .  For ease  of  i n s t a l l a t i o n ,  modules should be 32 by 96 inches  and 

weigh 50 t o  120 pounds. S i g n i f i c a n t l y  h ighe r  c o s t s  r e s u l t s  when 

us ing  smal le r  modules t o  ach ieve  pane l  s i z e s  of 32 by 96 inches .  

6. I n t e g r a l  mounting, wherein modules a r e  a  s t r u c t u r a l  roof member, 

had t h e  lowest i n s t a l l e d  c o s t  - $28.30/m2 (1975$) - and were 

a e s t h e t i c a l l y  acceptab le .  D i r ec t  mounting, wherein t h e  modules a r e  

a t t ached  t o  t h e  roof over  t h e  waterproof membrane, had h ighe r  c o s t s  

t han  i n t e g r a l  mounting and were a e s t h e t i c a l l y  acceptab le .  Standoff 

mounting, where t h e  modules a r e  no t  touching t h e  roo f ,  had h ighe r  

c o s t s  but ques t ionable  a e s t h e t i c s .  Rack mounting i s  not  recommended 

f o r  o the r  than f l a t - t o p  r o o f s  because of high c o s t s ,  h igh  po in t  

load ing ,  and a e s t h e t i c  problems. 



7 .  I n  gene ra l ,  grounding i s  requi red ,  p a r t i c u l a r l y  when meta l  module 

support  frames a r e  used. Module and a r r a y  des igns  t h a t  can demon- 

s t r a t . e  e f f e c t i v c  e l e c t r i c a l . i s o l a t i o n ,  a s  v e r i f i e d  by a n a t i o n a l l y  

recognized t e s t i n g  l abo ra to ry ,  may be granted an exemption. 

8. Array wir ing  c o s t s  i nc rease  g r e a t l y  a s  module s i z e  i s  reduced b u t  

do n o t  vary s i g n i f i c a n t l y  among t h e  f o u r  a r r a y  mounting configura-  

t i o n s .  Wiring c o s t s  a r e  i nve r se ly  p ropor t iona l  t o  branch c i r c u i t  

vo l t age  l e v e l ,  t h e  optimum (minimum) being between 100 Vdc and 

300 Vdc. E l e c t r i c a l  t e rmina t ions  a r e  t he  p r i n c i p a l  c o s t  d r i v e r s  

f o r  a r r a y  branch c i r c u i t  wi r ing ,  a l though a modular quick connect 

wi r ing  system can be s i g n i f i c a n t l y  l e s s  expensive than junc t ion  

box wir ing  systems p a r t i c u l a r l y  when t h e  branch c i r c u i t  wi r ing  i s  

exposed t o  weather.  Copper wire ,  No. 14 AWG, should be  used. I n  

dry l o c a t i o n s ,  non-metallic sheathed (Type NM) o r  armored (Type 

BX) cab le  should be  used. I n  wet l o c a t i o n s ,  underground f eede r  

and branch c i r c u i t  (Type UF) cab le  should be  used. Although wire  

s i z e s  smal le r  i n  diameter than No. 14 AWG could be  used,  t h e  

g r e a t e r  volume product ion of No. 14 AWG g ives  it  s i g n i f i c a n t  economic 

advantage. 

9. I n t e g r a l  and d i r e c t  mounted modules and a r r a y s  must be  q u a l i f i e d  t o  

UL 790, "Tests  f o r  F i r e  Res is tance  of Roof Covering Mater ia l s , "  

Class  A, B y  o r  C .  Fur ther  i n v e s t i g a t i o n  i s  needed t o  determine which 

f i r e  c l a s s  i s  appropr i a t e .  Standoff and rack-mounted modules and 

a r r a y s ,  i f  used, must have t h e i r  e l a s t i c  encapsulan ts  q u a l i f i e d  t o  

ASTM D 635, "Flammability of Rigid P l a s t i c s  Over 0.05 Inches i n  

Thickness," and, i f  q u a l i f i e d ,  would be l i m i t e d  i n  roof a r e a  t o  

between 20 and 30 percent  of f l o o r  a r e a .  

10. A 50 psf design toad  w i l l  be  accep tab le  f o r  over 90 percent  of t h e  

U. S. I n  a r e a s  wi th  snow loads  g r e a t e r  than 40 psf - por t ions  of 

t h e  Nor theas t ,  t h e  Kocky Mountains, and Northwest - a h igher  design 

load o r  d i f f e r e n t  i n s t a l l a t i o n  may be necessary.  

11. A e s t h e t i c a l l y ,  t h e  module should approximate t h e  mat te - l ike  (non- 

g l a r e )  t e x t u r e  of t h e  roof ;  be r ec t angu la r  (aspec t  r a t i o  of approxi- 

mately 2 t o  1);  and be a dark  e a r t h  tone  s i m i l a r  t o  surrounding 



roof  m a t e r i a l .  The a r r a y  shou ld  l i e  i n  and b e  a  c o n t i n u a t i o n  

of t h e  roof p lane  and i t s  t e x t u r e .  The a r r a y  should n o t  c r e a t e  

a  dominant ( e a s i l y  i d e n t i f i e d )  p a t t e r n .  The a r r a y  shou ld  be a s  

s m a l l  a s  p o s s i b l e  t o  avo id  b e i n g  a dominant m o n o l i t h i c  f e a t u r e ,  
2  2  

p r e f e r a b l y  800 f t  (74 m ) o r  l e s s .  

12.  Sh ipp ing  and h a n d l i n g  i s  one of t h e  worse environments  a  module 

w i l l  have t o  f a c e .  U n t i l  a n  i n d u s t r y  s t a n d a r d  i s  developed,  

MIL-STD-810C, Method 516.2,  P rocedure  I ( s h i p p i n g  tes t j  and 

Procedure  I1 ( t r a n s i t  d rop  t e s t )  should  be  used t o  q u a l i f y  

packaged modules f o r  s h i p p i n g .  I n  t h e  f i e l d ,  i f  f l e x u r a l  r i g i d i t y  

i s  r e q u i r e d  d u r i n g  h a n d l i n g ,  t h e  module manufac tu re r  should  pro- 

v i d e  temporary s t i f  f  e n e r s  . 
13. The module and a r r a y  shou ld  be  c o n s i d e r e d  a s  r o o f i n g  m a t e r i a l ,  

implying a maintenance-free  d e s i g n  and a d e s i g n  l i f e  of 20 y e a r s .  

. The module should have a s  h i g h  a s  e f f i c i e n c y  a s  p o s s i b l e  -- 13.5 

p e r c e n t  a t  NOCT o r  g r e a t e r .  



Sect ion  6 

RECOMMENDATIONS 

Recommendations of t h i s  s tudy a r e  t h a t :  

1. S tudies  s i m i l a r  t o  t h i s  one should be conducted t o  determine t h e  

design requirements f o r  t h e  r e s t  of t h e  r e s i d e n t i a l  pho tovo l t a i c  

power system. The r e s u l t s  of both s t u d i e s  s lyu ld  be  checked t o  

ensure  t h a t  no d i s t o r t i o n  r e s u l t e d  from t h e  two s e p a r a t e  s t u d i e s .  

2 .  A f l e x i b l e  performance c r i t e r i a  document f o r  r e s i d e n t i a l  photo- 

v o l t a i c  systems should be  developed a s  a  f i r s t  s t e p  t o  provide 

guidance t o  t h e  photovol ta ic  i ndus t ry  and l o c a l  bu i ld ing  code 

o f f i c i a l s , (Append ix  19 con ta ins  a  d r a f t  r e s i d e n t i a l  a r r a y  per for -  

mance c r i t e r i a ) .  Second, forming photovol ta ic  subcommittees i n  

model codes groups i s  recommended a f t e r  t h e  performance c r i t e r i a  

document i s  developed. It i s  n o t  recommended t o  f i r s t  develop 

photovol ta ic  model codes because such e f f o r t s  would t ake  too  long 

and they could s t i f l e  innovat ion.  

3 .  Because of i t s  importance and long l ead  t ime,  t h e  Nat iona l  Elec- 

t r i c a l  Code (NEC) should be contacted and a  photovol ta ic  sub- 

committee formed by t h e  end of 1979 so  t h a t  codes, based on t h e  

performance c r i t e r i a  document, can be developed f o r  p u b l i c a t i o n  

i n  t h e  1984 Ed i t i on  of t h e  NEC. 

4. Representa t ives  of t h e  pho tovo l t a i c  i ndus t ry  should work w i t h  con- 

sensus s tandards  groups t o  develop r e l evan t  i ndus t ry  s tandards .  

5. A. workshop should b e  he ld  d i scuss ing  r e s i d e n t i a l  photovol ta ic  

systems and t h e i r  imp l i ca t ions  on t h e  housing indus t ry  wi th  repre-  

s e n t a t i v e s  from t h e  pho tovo l t a i c  i ndus t ry ,  suppor t ing  i n d u s t r i e s ,  

model code groups, t e s t i n g  l a b o r a t o r i e s ,  bu i ld ing  code o f f i c i a l s ,  

and government o f f i c i a l s .  This  workshop would f a m i l i a r i z e  t h e  

housing indus t ry  wi th  pho tovo l t a i c s  and t h e  pho tovo l t a i c s  i ndus t ry  

wi th  t h e  housing indus t ry .  

6 .  Design of i n t e g r a t e d  modules and a r r a y s  should be i n i t i a t e d  soon 

and b e  based on t h e  r e s u l t s  of t h i s  r e p o r t .  Concurrent wi th  a r r a y  

des ign ,  component development, such a s  t h e  modular quick-connect 

te rmina t ions ,  should be  i n i t i a t e d  soon. F i e l d  t e s t i n g  of pr.ototype 



modules and t h e i r  r e s u l t a n t  a r r a y s  shou ld  b e  performed t o  v a l i d a t e  

i n s t a l l a t  i o n  t e c h n i q u e s  and de te rmine  long-term performance.  

7. E x i s t i n g  and p r o t o t y p e  modules shou ld  b e  t e s t e d  under LJL 790, " T e s t s  

f o r  F i r e  R e s i s t a n c e  of Roof Cover ing M a t e r i a l s , "  and ASTM D 635, 

"Flammabi l i ty  of R i g i d  P l a s t i c s  o v e r  0.05 I n c h e s  i n  Thickness ' '  t o  

e s t a b l i s h  f i r e  r e s i s t a n c e  of c u r r e n t  module d e s i g n s  and encapsula-  

t i o n  m a t e r i a l s .  

8 .  E a r l y  market e n t r y  s c e n a r i o s  shou ld  b e  developed.  The s p e c i a l  s t e p s  

r e q u i r e d  f o r  t h e  f i r s t  p e n e t r a t i o n  o f  a  new product  i n t o  t h e  hous ing  

i n d u s t r y  were n o t  p a r t  of t h i s  s t u d y  b u t  i s  needed. 

9. Module manufac tu re r s  should  o b t a i n  and keep c u r r e n t  e d i t i o n s  of t h e  

b u i l d i n g  codes  and r e f e r e n c e d  s t a n d a r d s .  A l i s t i n g ,  i n c l u d i n g  c o s t s ,  

i s  provided . in  Appendix 9.  



S e c t i o n  7 

NEW TECHNOLOGY 

No r e p o r t a b l e  i t e m s  of new technology have been i d e n t i f i e d  dur ing  the 

conduct  of t h i s  s t u d y .  




