
Research and Engineering Operation 
Bechtel National, Incorporated 
San Francisco, California 

- 
U.S. Department of Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Rim: Rpsr Copy $950 
Mi~ofkbe8 .Mi  " 



DOE/J PLl954698-1 A 
Distribution Category UC-63b 

MODULE/ARRAY INTERFACE STUDY 

F i n a l  Report 

August 1978 

Work performed under 
Jet ~ r o ~ u l s i o n  Laboratory Contract No. 954 6 98 

f o r  t h e  
Engineering Area o f  t h e .  Low-Cost S o l a r  Array P r o j e c t  

Prepared Ey 

Bechtel  National, Inc. 
Research and Engineering Operation 

50 Beale Street 
P-0- BOX 3965  

San Francisco, Ca l i fo rn ia  94119 

NOTICE 

any warranty, expreu or implied, or arturnes any legal 

or uvfulneu of any information, apparatus, product or 
process discloled, or rcprelene lhat its ule would not 
infringe privat;ly owned righe. 

The JPL Low-Cost Solar  Array. P r o j e c t  is sponsored by t h e  U-S.  
Department of Energy and forms p a r t  o f  t h e  Solar  Photovol taic  
Conversion Program t o  i n i t i a t e  a major e f f o r t  toward t h e  
development o f  low- cost s o l a r .  a r rays ,  T h i s  work w a s  performed 
f o r  t h e  Jet Propulsion Laboratory, Ca l i fo rn ia  I n s t i t u t e  of 
Technology by agreement between NASA and DOE, 



This study was conducted a s  a team e f f o r t  t y  members of Bechtel 
National. Inc., Research and Engineering Operation. Overall 
management respons ib i l i ty  res ted  w i t h  T.E. Walsh, Manager o f  the 
Power Technology Group. W.J. Stolte served a s  the Project 

t .: ' Manager. . . .  

'ii 



, "< , 
$ .  .* - 

w c h t e l  ~ a t i o n i l ,  Inc. has  conducted a s tudy of a l t e r n a t e  module, 
panel, and. a r r a y  .designs f o r  use i n  l a r g e  scale a p p l i c a t i o n s  such 
*as c e n t r a l  s t a t i o n '  photovol ta ic  power, plants., The o b j e c t i v e  of 
t h e  study is t o  i 'dent i fy  des ign  ' f ea tu res  t h a t  . w i l l  l e a d  t o  
minimum p l a n t  costs. 

Severa l  a s p e c t s  of module design are evaluated,  inc luding  g l a s s  
s u p e r s t r a t e  and metal  s u b s t r a t e  module conf igura t ions ,  t h e  
p o t e n t i a l  f o r  h a i l  damage, l i g h t  absorpt ion  i n  g l a s s  
s u p e r s t r a t e s ,  t h e  economics of  g l a s s  s e l e c t i o n ,  and e l e c t r i c a l  
design. Also, three a l t e r n a t e  g l a s s  s u p e r s t r a t e  module 
conf igura t ions  a r e  evaluated by means of f i n i t e  element computer 
analyses. Zwo panel s i z e s ,  1.2 by 2.4 m (4  by 8 f t )  and 
2.4 by 4.8 m (8  by 16 f t ) ,  are used t o  support  t h r e e  module 
s i z e s ,  0.6 by 1.2 m (2 by 4 f t ) ,  1.2 by 1.2 m (4  by 4 f t ) ,  and 
1.2 b y 2 . 4 m  (4 b y 8 f t ) ,  f o r  design loadings  o f  ~ 1 . 7 k P a  
.(35 psf)  , f2.U kPa (50 ps f ) ,  and f3.6 kPa (75 psf ) .  Designs and 
cost es t ima tes  a r e  presented  f o r  twenty panel  types  and n ine  
a r r a y  conf igura t ions  a t  each of t h e  t h r e e  design loadings. 
S t r u c t u r a l  cost s e n s i t i v i t i e s  of  combined a r r a y  conf igura t ions  
and panel  cases a r e  presented. 
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Sect ion  1 

SUMMARY 

T h i s  r e p o r t  p resen t s  t h e  r e s u l t s  o f  an engineering study 

conducted by t h e  Research and Engineering Operation of Bechtel  

National, Inc. The o b j e c t i v e  o f  t h e  study was t o  determine 

design f e a t u r e s  t h a t  l e a d  t o . 1 0 ~  c o s t  s o l a r  pho tovo l t a i c  a r rays .  

The ,-approach used was t o  pa ramet r i ca l ly  eva lua te  module, panel,  

and. ..array s t r u c t u r a l  designs,  estingte t h e i r  costs.,  and determine 

c o s t  , s e n s i t i v i t i e s .  . . , , . 
. . . . 1 - . . 

t 

  he .s tudy emphasized . . l a r g e  . sca le  . .applicati,ons, such as c e n t r a l  

s t a t i o n  photbiroltaic .power plants.  The general  .design approach 

and purchase q u a n t i t i e s  r c f i e c t e d  what would be needed f o r  a 

200 &YIW (peak) p lant .  For  study purposes, t h e  p l a n t  was loca ted  

a t  a 350 l a t i t u d e ,  with t h e  a r r a y  tilt f ixed  a t  t h e  l a t i t u d e  
, . 

angle. An encapsulated c e l l  e f f i c i e n c y  of 15  percent,  an NOCT 

e f f i c i e n c y  of 92 percent ,  and a module packing e f f i c i e n c y  of 0 - 9 2  

were provided by JPL, thereby s e t t i n g  t h e  module su r face  a r e a  

requi red  f o r  t h e  p l a n t  a t  1 - 5 8  x 106  m2. Est imated.  c o s t s  ( i n  

1975 d o l l a r s )  are presented in terms o f  d o l l a r s  per square meter 

of t o t a l  module su r face  area. Costs  i n  terms of o t h e r  bases 

(e-g., d o l l a r s  p e r  watt)  o r  c o s t s  f o r  o ther  e f f i c i e n c i e s  can 

e a s i l y  be est imated from t h e  d a t a  presented (see Sec t ion  2) . 

Severa l  a s p e c t s  of module des ign  were evalua ted  inc lud ing  g l a s s  

s u p e r s t r a t e  and metal s u b s t r a t e  module conf igura t ions  , t h e  

a 



p o t e n t i a l  f o r  h a i l  damage, l i g h t :  absorpt ion  . i n  module cover : 

I sheets, and electrical i n s u l a t i o n  design. .Also, t h r e e  . . a l t e r n a t e  

g l a s s  s u p e r s t r a t e  module conf igura t ions  were evalua ted  by means 

of ,.a nonl inear  s t r u c t u r a l  a n a l y s i s  computer program. . 

I n  this  s tudy,  . pane l s  c o n s i s t  of l igh twe igh t  steel framewor:ks8 

needed t o  support  t h e  modules. and .  are designed t o  be . used $. with 

the a r r a y  s t r u c t u r e  and 'foundation conf igura t ions  evalwted..ko : 

form complete arrays.  Two panel s i z e s ,  1.2 by 2.4 m . (4 by 8 f t )  * 

I and ,2 ,4  by 4-8 m (8 by 16 f t ) ,  were designed with both,end-. and . ,  

i n t e r m e d i a t e - s u ~ p o r t  p o i n t  . . Three .module .sizes,  .- 
' ;. ,-- . 

0-6 by. 1-2 m (2 by 4 . f t ) ,  ' . 1 , 2  by1-2 m . ,  (4 -by  4 f t ) ;  and 

1-2.  by .2,4 m ( 4  by 8 f t )  , w e r e  used. I n  o r d e r  t o  i d e n t i f y  c o s t  

d r i v e r s  ,, des igns  w e r e  performed f o r  uniform loadings  of f 1-75 kPa. 

(35 p s f )  , k2.4 kPa (50 psf)  . and k3-6  kPa - (75 psf)  , N i n e  a r r ay .  

conf igura t ions ,  each c o n s i s t i n g  o f  foundat ion and primary suppor t  

s t r u c t u r e ,  were s e l e c t e d  t o  determine s t r u c t u r a l  .., i tcost  3 

s e n s i t i v i t i e s  o f  var ious  s t r u c t u r a l  support  parameters such as 
/ 

s l a n t :  he ight ,  . foundation s b r i n g .  etc. W i t h  the . v a r i a t i o n s  i n  

panel  and ' a r ray  configurat ionb,  module and panel s i z e s ,  .and 

I .  loading,  a - total  .of 57 panels '  and 27 arrays were designed .and I - . 
t h e i r  cogts  estimated. . . 

For t h e  designs,  evaluated,  t h e  g l a s s  s u p e r s t r a t e ,  modules .were - 

found t o  be s l i g h t l y  'less expensive than  t h e  metal  s u b s t r a t e  

I configurat ion.  However, determining t h e  conf igura t ion  of  a 
. . I 

I minimum cost module warrants  f u r t h e r  d e t a i l e d  s t u d i e s  (such as 



those  being, conducted a s  a . p a r t  of . the Automated Array ' Assembly- . 
... . . . Task i n  -JPL1s. LSA P r ~ j e c t ) ~ ,  ~, . . .  

Severa l  methods were evaluated f or c a l cu l a t i ng  . t h e  s t r u c t u r a l l y  "' 

requi red  th icknesses  f o r  g l a s s  supers t ra tes .  However, f o r  

reasons-.o.f.'resi-stance t o  h a i l  damage and t h e  s i z e  of  'coiiunercially 

a v a i l a b l e '  . tempered glass ,  t h e  -g l a s s  supe r s t r a t e  was cdns t ra ihed 

to: be t h i cke r  than  3 .2  millimeters (0,125 inch) . Because of 

thils, '. t h e  'es t imated c o s t  of t h e  module remained' v i r t u a l l y  

constarit. 'a t -  $60/m2 f o r  t h e  ' k l .  7 ,kPa (35 .psf) , k2.4 kPa (50  sf) , 
and lt3.6 kPa (75 psf)  . loadings  evaliiated i n  th i sS . s tudy ,  a'lthouih- - . 

. - . - 
approximately two-thirds. of t h i s  c o s t  is  f o r  t h e  s o l a r  cells.. . An'  

evaluat ion  of l i g h t  . absorpt ion  i n  glass '  ' s u p e r s t r a t e  . showed 

0,+05 percent  i r on ,  tempered g l a s s  t o  be t h e  most economic. w i t h  

t h e  JPL-provided f u t u r e  cell  cost estimate.  However, with t h e  

presenb. . c o s t  'of. c e l l s , .  0.0 1 - percent  i ron,  tempered g l a s s  Ls more 

Based. :on: experience i n  the cab1.e. i 'ndustry , .it was' found. t h a t  same 

module encapsulat ing ma te r i a l s  may have to  be t h i c k e r  than  

requi red  f o r  wea the rab i l i ty  i n  order t o  provide long-term (e, g. , 
20 years) e l e c t r i c a l  i n s u l a t i o n  a t  t h e  dc 'system voltages 

envisaged f o r  c e n t r a l  s t a t i o n  power plants ,  Present  module 

encapsulant. des igns  should be adequate '  f o r  t h e  vol tage  l e v e l s  i n  

cu r r en t  appl ica t ions .  

. . 



The es t imated  c o s t s  f o r  t h e  panel  des igns  evaluated were found t o  

be s t rongly  dependent on des ign  loading. Also, t h e  est imated 

c o s t  o f  panels  supported a t  in te rmedia te  po in t s  along t h e i r  long 

edge was found t o  be lower than  equ iva len t  panels  supported a t  

t h e i r  ends. However, f u r t h e r  a n a l y s i s  is  requ i red  t o  assu re  t h a t  
..,. - , . .. ., .-.\A - . : . l . i  

t h i s  r e l a t i o n s h i p  s t i l l  holds  t r u e  when t h e  e f f e c t s  of  r e v e r s e  
. . 

bending on g l a s s  th ickness  s e l e c t i o n ,  t-he movement of t h e  support  
* .  

l o c a t i o n  with appl ied loading,  and nonuniform loading  are 

cons j dered. - .  . . I 
, .. . i 

For t h e  most pa r t ,  t h e  1 ,,2 by: 2.4 m (4 by 8 f t )  panels  were f ou-nd 
. L 

t o  have a lower c o s t  ($/m*) than  t h e  2.4. by 4.8 m (8 by 16 f t )  

panels.  When t h e  c o s t  of s u i t a b l y  designed a r r a y  s t r u c t u r e  i s  

added . t o  t h e  panel  c o s t s ,  t h e  t o t a l  c o s t  of a r r a y  configurat i0 ,ns  ~. 

using , t h e  1.2 by 2.4 m ( 4  by 8 f t )  p a n e l s ' i s  s l i g h t l y  lower t h a n  

f o r  t h e  s tud ied  a r r a y  conf igura t ions  using t h e  2.4 by 4.8 m -- 
(8 <by 16 f t )  panel. 

' ; . t S  . . ' 1 .  
. , 

In a l l .  des igns  evaluated,  t h e  , lowest  c o s t  panels  u t i l i z e d  
' 2 

1.2 by 2.4 m (4  by 8 f t )  modules. Smaller module s i z e s  l e a d  t o  

h igher  panel c o s t s  because of t h e  l a r g e r  amount of  framing 

mate r i a l  required.  Whereas, l a r g e r  module s i z e s  r e q u i r e  t h i c k e r  

g l a s s  which r e s u l t s  i n  more l i g h t .  absorpt ion and thereby l e a d s  t o  

h igher  t o t a l ,  c o s t  f o r  a f i x e d  power. output,  

Preliminary eva lua t ion  of a panel  based on a curved g l a s s  

s u p e r s t r a t e  module i n d i c a t e s  that  i t s  s t r u c t u r a l  cost excluding 



the c o s t  b f ' t h e  module wcibld' be 'bi t h e  order  of one-half . t b  one- 

t h i r d  t h e  c o s t  of the conventional gianel s t r u c t u r e  evaluated i n  

d e t a i l  'during t h e  study, due t o  a reduct ion in t h e  amount o f  

panel steel required,  It is  recommended t h a t  a s u i t a b l e  a r ray  

I conf igura t ion  be designed and cos ted  f o r  t h e  curved g l a s s  module 

t d  ' deterniine i t s  ' e & n o d c  v i a b i l i t y  when compared t o  t h e  

ins ' t a l i ed '  c o s t  of ' 'ilat-pl ate modules .presented i n  t h i s  repor t ,  
'. . - .. " . . . ,  . . . . . . $ .. . . . . ,. . 

~ A s  with t h e  panel  costs ,  t h e  a r r a y  s t r u c t u r e  and foundation c o s t s  

~ were found t o  be s t rong  func t ions  of design loading,. However, 

among t h e  des igns  evaluated,  there 'was l i t t l e  d i f f e r e n c e  i n  t h e  

I coin'biried. &st d f  t h e  a r r a y  s t r u c t u r e  and foundation. 

For : h i s t  o i  ' t h e  a r r a y  conf igura t ions  evaluated,  t h e  foundation 

costs '&re aEproximately double t h e  c o s t  of  t h e  a r r a y '  s t r u c t u r e .  

It i s  'expected t h a t  t h e  foundation costs could be lowered i f  t h e  

uniform loadings were resolved i n t o  components (e. g., dead, l i v e ,  

etc,) ,  t h e  s p e c i f i e d  two f o o t  minimum a r r a y  he ight  above grade 
. . . .  

were ' lowered, and wind forces"":f or t h e  s t r u c t u r e s  were more 

I n  summary ,. ' the  s thdy descr ibed ' here in  has produced a l t e r n a t i v e  
. , 

d e ' s i k s  and c o s t  estimates fd;' s e v e r a l  of t h e  components and 

design f e a t u r e s  needed in assembling s o l a r  c e l l s  i n t o  a 

photovol ta ic  power system i n  order  t o  i d e n t i f y  s t r u c t u r a l  c o s t  , , 

d r i v e r s  and, as a r e s u l t ,  bas  shbwn'that:  
. . ., . .  . 



Q a r ray  c o s t s  do not  vary g r e a t l y  among the des igns  
evaluated 

s panel and a r r a y  costs a r e  s t rongly  dependent on design 
loading 

e' t h e  b e s t  support  conf igura t ion  is load dependent, and 

e t h e  curved g l a s s  s u p e r s t r a t e  module has t h e  p o t e n t i a l  . t o  
s i g n i f i c a n t l y  reduce panel s t r u c t u r a l  c o s t s  a l though 
i n s t a l l e d  c o s t s  have y e t  to be determined. a 

Addit ional  d e t a i l s  and conclusions a r e  presented i n  t h e  remainder 

of t h i s  repor t .  



, . <  

[I, '. a ' .  . . . . .  . . ,. ... Sect ion 2 
. . 

INTRODUCTION 
L .  .. . d ,  - ;  t .  . 

. . 
 hi^. ; f i n a l  r e p o r t  documents an engineering s tudy of photovol ta ic  

module,. panel,  and a r r a y  design.  The study ,was performed by t h e  
. -, ; 1 fir$ 2, x .-, -;< -! 7 , . . . .: .. .. 1. - '  r~m,,~': r? : 3 ; . , 

Research and Engineqring opera t ion  of ~ e d h t e l .  ~ a t i o h a l ,  ' Inc. f o r  

t h e  Engineering A r e a  of t h e  Je t  Propulsion Laboratory's  Low-Cost 

Solar  -ray Pro jec t ,  under Contract  Number 9546 98 'as a p a r t  of t h e  

U. S. Department of Energy's so l& Photovol taic  Conversion 

Program. 

The primary emphasis o f  the study w a s  on t h e  s t ruc t .u ra1  asgec t s  

of  design f o r  large-scale  a p p l i c a t i o n s  such a s  photovol ta ic  

c e n t r a l  s t a t i o n  power p lants .  The study was conducted with t h e  

viewpoint of an  a rch i t ec t / eng inee r ing  f i rm engaged to design such 

 he d i r e c t  ob jec t ives  i n  t h e  s tudy were to. i d e n t i f y  module, 

panel, and a r r a y  design f e a t u r e s  t h a t  govern. component c o s t s ,  . to  

determine t h e i r  i n t e r a c t i o n  and t h e  r e l a t i v e  magnitudes of t h e  

c o s t  e&ements, and t o  determine s t r u c t u r a l  c o s t  s e n s i t i v i t i e s .  

Thus, t h e  r e s u l t s  of t h e  s tudy  f a c i l i t a t e  accomplishing t h e  

o v e r a l l  p r o j e c t  o b j e c t i v e  of evolving designs t h a t  minimize t o t a l  

p l a n t  l i f  e-cycle cost .  

The .approach used i n  accomplishing t h e s e  o b j e c t i v e s  was t o  design 

and c o s t  a l a r g e  number of  module, panel,  and a r r a y  



conf igura t ions  and compare t h e  r e s u l t a n t  es t imated costs.' The 

r e s u l t s  of t h a t  c f f o r t  a r e  presented i n  t h i s  repor t .  : 

REPORT FORMAT 2.1' .  
- . 

This r e p o r t  has  been prepared in ', accordance with t h e  format 

s p e c i f i e d  by J P L  Document Number 1030-26, Rev. B. 

- 
A b r i e f  d e s c r i p t i o n  of a conceptual  pl'ant design i s  presented in 

Sect ion 3 i n '  o r d e r  to p u t  ensuing d iscuss ions  of i t s  components 

i n t o  perspect ive.  Sec t ion  4 addresses  seve ra l  a s p e c t s  of  module 

des ign .  panel designs a r e  discu.ssed i n  Sec t ion  5, and ~ e c t i o n .  6 
a . 

presents  a d iscuss ion  o f  t h e  a r r a y  oonf igura t ions  studied. A 

summary comparison of t h e  c o s t s  of t h e s e  three components is  

presented i n  Section 7. Major . conclusions and recommendations' 

r e s u l t i n g  from t h e .  conduct of t h i s  s tudy are presented  i n  

Sect ions  8 and 9, respect ively.  s e c t i o n  10 i s  a. statement on new 

technology i d e n t i f i e d  by t h i s  study. D e t a i l s  o f  a f i n i t e  elemenf 

computer a n a l y s i s  of g l a s s  s u p e r s t r a t e  modules are presented in 

t h e  appen'di x. 

2.2 ' COST BASES 

I n  order  t o  be c o n s i s t e n t  with c u r r e n t  p r a c t i c e  in t h e  LSA 

P r o j e c t ,  a l l  c o s t s  i n  t h i s  r e p o r t  'are i n  1975 d o l l a r s .  Cost 

estimates were der ived i n  f i r s t -quar ter :  1978 d o l l a r s  and reduced 



t o  cons tant  1975 d o l l a r s  by using a f a c t o r  of 1.17 from the LSA 

P r i c e  Deflator  Table supp l i ed  by aPL, Reference 2- 1. 

Cost d a t a  a r e  normalized t o  terms of d o l l a r s  p e r  square meter 

($/mz). The cost da ta  can be t r a n s l a t e d  t o  o t h e r  bases  by 

d iv id ing  by appropr ia t e  conversion f a c t o r s  (e. g., $ / W  = $/mz i 

W/m2 o r  $ / f t *  = $/m2 + 10.764 ft2/m2), etc. Also, c o s t s  f o r  

encapsulated c e l l ,  NOCT, and packing e f f i c i e n c i e s  o t h e r  than t h e  

15 and 92 percents  given, can obtained by d iv id ing  t h e  c o s t s  

i n  $/ma by t h e  des i red  va lue  of .  w a t t s  per , square  m e t e r .  

During t h e  course of t h e  s tudy,  , e f f o r t s  were made t o  uniformly 

apply design c r i t e r i a  and design and c o s t  e s t ima t ing  procedures 

so a s  t o  produce unbiased r e s u l t s .  . The accuracy o f -  t h e  c o s t  

estimates presented h e r e i n  . . .are c o n s i s t e n t  w i t h  t h e  l e v e l  o f  

d e t a i l  i n  an engineering study. 

. % a k.., , - i>  I / .  I 

For t h e  most pa r t ,  English u n i t s  were used i n  performing the 

study. These u n i t s  were subsequently converted t o  SI  u n i t s  f o r  

p resen ta t ion  in this repor t ,  An except ion was made f o r  t h e  

computer generated p l o t s  presented i n  Appendix A where English 

u n i t s  are r e t a i n e d  f o r  va lues  o f  stress and displacement. The S I  

u n i t s  were rounded t o  correspond t o  nominal va lues  cu r ren t ly  

being used by t h e  Engineering Area of J P L ' s  LSA Pro jec t ,  as  



t y p i f i e d  by t h e  conversion of  panel and array dimensions shown i n  

Table 2-1, . . 

TABLE 2-1 

English - SI U n i t s  
- Units --- Precise --- Nominal 

( f e e t )  (meters) (meters) 



~ 
. .  Sect ion  3 . . I .  

I BASELINE PLANT DESCRIPTION 

1 
1 T h i s  s e c t i o n  presents  a brief d e s c r i p t i o n  of  t h e  pos tu la ted  

b a s e l i n e  p l a n t  i n  . order t o ,  put ensuing d i scuss ions  o f  its 

components i n t o  perspective.  
.. . . , . 

, , . . . , .-. 

.. 3 

3.1 TERMINOLOGY 

A t  present ,  s e v e r a l  i n s t i t u t i o n s .  a r e  working to  e s t a b l i s h  a 

c o n s i s t e n t  set o f  terms and a h ierarchy t o  desc r ibe  t h e  

components and systems that  comprise a p b t o v o l t a i c  power p lant .  

Attempts are being made t o  have t h e s e  terms be c o n s i s t e n t ,  as f a r  

I as poss ib le ,  f o r  both f l a t - p l a t e  and concent ra tor  a r ray  designs.  

1 ~ i g u r e  3-1 d e l i n e a t e s  the meanings given to such terms wi th in  
I 
I 

this report .  The d e f i n i t i o n s  shown i n  t h e  f i g u r e  a r e  c o n s i s t e n t  

with t hose  being used i n  t h e  Engineering Area of J P L g s  LSA 

Program a t  t h e  t i m e  t h i s  r e p o r t  w a s  wr i t ten .  Primary emphasis i n  
I 

t h e  s tudy descr ibed here in  i s  .on t h e  s t r u c t u r a l  a s p e c t s  of i 

1 

module, panel, and a r r a y  design. However, f o r  completeness, a l l  

terms re levan t  t o  a photovol taic  power p lan t  are presented. 

3.2 BASELINE PLANT FEATURES 

The genera l  design approach and purchase q u a n t i t i e s  used i n  t h i s  

study reflect what would be needed f o r  a 200 MWp c e n t r a l  s t a t i o n  



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 compo- 
nents (including electrical connectors)' designed to 
generate dc power when under unconcentrated ter- 
restrial sunlight. 

PANEL L A collection of one or more modules 
fastened together, factory preassembled and wired, 
forming a field installable unit. 

" ARRAY - A mechanicall; inteirated kssembly of 
panels together with support structure (including 
foundations) and other components, as required, to 
form a free-standing field installed unit that produces 
dc power. 

BRANCH CIRCUIT - A group of modules or.paral. 
leled modules connected in series to provide dc 
power at the dc voltage 'level of the power condi- 
tioning unit (PCU). A branch circuit may Involve the 
interconnection of modules located in severel arrays. 

ARRAV SUBFIE LD - A group of solar photovoltaic 
arrays associated by the collectipn of branch circuits 
that achieves the rated dc power level of the power' 
conditioning unit. . .. 

. ARRAY FIELD - The aggregate of all array subfields 
that generate ljower within the photo;oltaic'd.e'~t~al; 
power'station. 

PHOTOVOLTAIC CENTRAL POWER STATION - 
I The array field together with auxiliary systems 

(power conditioning, wiring, switchyard, protection, 
control) and facilities required'to convert terrestrial 
sunlight into ac electrical energy suitable for con- . . 
nection to an electiic power grid. 

- ' ,  

SOLAR 
' CELL\ 

PANEL 
FRAMEWORK 

I 

PANEL / I 

ROAD. DC WlRlNO 

PHOTOVOLTAIC CENTRAL POWER STATION 

Figure 3-1 DELINEATION OF TERMINOLOGY 



photovol ta ic  power p l a n t  o r  similar la rge-sca le  app l i ca t ions .  

The pos tu la ted  base l ine  p l a n t  concepts a r e  those  developed i n  
. . 

previous s t u d i e s  by Bechtel  (Refs. 3-1, 3-2, and 3-3) . 

For purposes of t h i s  study, t h e  p l a n t  i s  loca ted  a t  a 3S0 
I 2 1 v  

l a t i t u d e ,  with t h e  a r r a y  tilt f i x e d  a t  t h e  l a t i t u d e  angle,  An 
I 

encapsulated c e l l  e f f i c i e n c y  of 15 percent ,  an NOCT e f f i c i e n c y  of 

92 percent,  and a module packing e f f i c i e n c y  o f  0. 9 2  are assumed, 

thereby s e t t i n g  t h e  module su r face  a r e a  requi red  f o r  t h e  p l a n t  a €  

1.58 x 106 m2. , Estimated c o s t s  are pres,ented i n  terms of - d o l l a r s  
-. 

g .  

per square meter, 
7 

The u n i t  shipped t o  t h e  s i t e  f o r  i n s t a l l a t i o n  i s  a panel  and 

c o n s i s t s  of  a frame support ing one or more modules. The modules, 

i n  t u r n ,  support  and encapsula te  t h e  s o l a r  cells,. The pane l s  are 
I I 

f i e l d  i n s t a l l e d  on a r r a y  structures a t  t h e  p l a n t  site t o  form an 

a r ray .  Array s l a n t  he igh t s  of  2.4 m (8 f t )  and 4.'8 m (16 g t )  a re  

evaluated i n  t h i s  study. The a r r a y s  are approximately 152 meters 

(500 f e e t )  long, with ad jacen t  a r r a y s  . . separa ted  by 1.5 times, t h e  
8 

v e r t i c a l  he ight  of . t h e  a r r a y  (i. e. , 2.8 m (9.18 f t )  i1n te ra r ray  

separa t ion  f o r  4.8 m (16 f t )  s l a n t  he ights  and 1.4 m (4.59 f t )  

f o r  2. 4 m (8 f t )  s l a n t  he ights ) .  Addit ional ly ,  maintenance roads 

(running p a r a l l e l  t o  t h e  a r rays )  s e p a r a t e  groups o f  a r r a y s  a t  

spacings of approximately 18 meters (60 fee t ) .  Main p l a n t  roads, 

perpendicular  t o  t h e  a r rays ,  connect t h e  maintenance roads. 



~ o d u l e s  on two a d j a c e n t  a r rays  are wired. in series t o .  form:.a 

branch' c i r c u i t  wi th '  a nominal o p e r a t i n g  vol tage '  of 1500 v o l t s  dc. 

s e v e r a l  ad jacen t  branch c i r c u i t s  a r e  wired in p a r a l l e l  t o  o b t a i n  
l 

a cur=ent o'f a p p r o ~ i m a t e l y ~  300 amps. These 3 00 ampere dc ' f eeder  

cab les  are brought t o  a power condi t ioning  u n i t  (pcu) within.  t h e  
I 

a r r a y  subf ie ld .  The dc  feeder  cables are d i r e c t  bur i ed  and run 

alongside t h e  m a h  p l a n t  roads. 

Each one of 36 power condi t ioning  u n i t s  is  r a t e d  a t  approximately 

6 MW a t  1500 Vdc and inc ludes  a l l  components (e. g., conver te r ,  

harmonic f i l t e r s ,  con t ro l  c i r c u i t r y , '  etc.) necessary t o  convert. 

I t h e  dc output  of t h e  a r r a y s  i n t o  a 34 kV, 60 h e r t z  waveform 

I compatible with e l e c t r i c  u t i l i t y '  standards. .  

The f i l t e r e d  ou tpu t s  o f  t h e  power. condi t ioning u n i t s  i n  t h e  a r r a y  

I f i e l d  are t h e n  c o l l e c t e d  a t  34 kV and brought t o  the p l a n t  

switchyard by d i r e c t  bur i ed  cab les  running p a r a l l e l  t o  t h e  main 

I p l a n t  roads. A t  t h e  switchyard, the vol tage  is stepped up t o  

230 kV f o r  connection t o  t h e  u t i l i t y  tr 'msmission l i n e .  

The con t ro l  and da ta  a c q u i s i t i o n  system c o n s i s t s  of 

I microcomputers loca ted  wi th in  t h e  power condi t ioning  u n i t s  and 

I connected by a s e r i a l  data l i n k  t o  a c e n t r a l  computer l o c a t e d  in 

t h e  c e n t r a l  c o n t r o l  room. The system monitors conver ter  and 
. . 

a r r a y  opera t ing  parameters and c o n t r  01s t h e  conver te r s  t o  t r a c k  

t h e  ar rays '  maximum power p o i n t  w i t h  v a r i a t i o n s  i n  i n s o l a t i o n  and 
. . 

temperature. 



The plant  design a l s o  inc ludes  switchgear,: protective relaying, 

grounding and l ightning protect ion , systems, and other auxi l iary  

systems required f o r  proper plant  operation and protect ion.  

Shops, warehouses, and other maintenance f a c i l i t i e s  are pmrovided 

a s  required. 
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Sect ion 4 

MODULE DESIGN 

T h i s  s e c t i o n  ' presents  a d iscuss ion  o f  s e v e r a l  a s p e c t s  of module 

design including evalua t ions  o f  g l a s s  s u p e r s t r a t e  and metal 

s u b s t r a t e  module ' conzigura t ions  , h a i l  damage, l i g h t  absorp t ion  i n  

the module's cover shee t ,  electrical design, and a summary o f  

f i n i t e  element. computer ana lyses  of three a l t e r n a t e  g l a s s  

s u p e r s t r a t e  module configurat ions.  

For purposes of  t h i s  study, a module i s  defined a s  a series- 

p a r a l l e l  ' in terconnected s e t  of s o l a r  cells te rminat ing  i n  two 

power l e a d s  (p lus  and minus) brought out through an encapsulant  

system. The so la r -  c e l l s  are p ro tec ted  from t h e  environment by 

t h e  encapsulat ion system. Although t h e  module i s  e a s i l y  

handleable  as a u n i t ,  it i s  n o t  capable of being i n s t a l l e d  

d i r e c t l y  on an array.  One o r  more modules a r e  assembled i n t o  a 

frame t o  form a panel, which .is the u n i t  shipped from t h e  

manufacturer f o r  i n s t a l l a t i o n  i n  t h e  f i e ld .  

Module s i z e s  evaluated i n  t h i s  s tudy  were 0.6 by 1.2 m 

( 2  by 4 f t ) ,  1.2 by 1.2 m (4 by 4 f t ) ,  and 1.2 by 2.4 m 

(4 by 8 f t )  . Table 4-1 , provides a comparison o f  electrial  

p r o p e r t i e s  t y p i c a l  of such modules. 



.. ,.. 
. . I  . , . . ! . ' . .  TABLE 4-1 

I 

ELECTRICAL PROPERTIES OF MODULES EVALUATED I N  STUDY 

-. 
Module Power Module Module 

Module S i z e  t Maximum) < 1 3 Voltacre Current 
m f t  watts  v o l t s  amps 

)At NOCT and 15 percent  encapsulated c e l l  e f f i c iency ,  
9 2  percent  NOCT e f f i c iency ,  and 92 percent  packing ef f ic iency.  

4.1 MODULE CONFIGURATIONS 

Current module conf igura t ions  may be divided i n t o  two broad 

I categor ies  by t h e  pos i t ion  of t h e  s t ruc tu r . a l  support element with 

respec t  t o  the cells. With a supe r s t r a t e  configurat ion,  support 

f o r  t h e  c e l l s  i s  mainly provided by a t r ansparen t  cover shee t  

(e..g., g lass )  in f r o n t  of  t h e  i l luminated s i d e  of the cells. A 

subs t r a t e  conf i l jurat ion der ives  i ts  s t r u c t u r a l  support from a 

s t r u c t u r a l  element behind the  c e l l s .  Many subs t r a t e '  ma te r ia l s  

I a r e  i n  use o r  proposed, inc luding metals, p r in ted  c i r c u i t  board 

material ,  p l a s t i c s ,  wood, e tc .  

Two module configurat ions,  a g l a s s  supe r s t r a t e  and a m e t a l  

s ubs t r a t e  were s t r u c t u r a l l y  evaluated i n  this  study. 



4-1.1 . ' G l a s s  Suvers t r a t e  Modulzs 
I 

. L 1 .  ,; 

T y p i c a l l y ,  a g l a s s  s u p e r s t r a t e  module c o n s i s t s  of a f l a t  ' g l a s s  . . 
s h e e t  ' s t r u c t u r e  with in terconnected  cel1.s fas tened to it by an 

. . . . adhesive, such, a s  PVB (polyvinyl bu ty ra l )  . . A s i l i c o n e  rubber  . . .  

, po t t an t  and a po lyes te r  f i l m  back ' cover s h e e t  complete t h e  

. encapsulant  system. 

Glass  Thickness. Determining t h e  t h i c k n e s s  of t h e  g l a s s  is a 
, - 1  

complex problem inf luenced by several f a c t o r s ,  A s  d iscussed  i n  
. , .  

Sect ion  4.3, it 1s d e s i r a b l e  t o  have t h e  g l a s s  a s  t h i n  a s  

p o s s i b l e  s o  as n o t  t o  reduce module e f f i c i e n c y  by t h e  absorpt ion  

of l i g h t  wi th in  the glass .  Counter t o  this, i s  a need t o  provide 

some degree of h a i l  r e s i s t a n c e  f o r  many areas of  the country (as 

discussed in Sec t ion  4-2)- Also, t h e  g l a s s  must be capable of 

withstanding s t r u c t u r a l  l o a d s  imposed by wind or  snow.. H a i l  by 

i t s e l f  does n o t  produce a s t r u c t u r a l  load  i n  t h e  usual  sense, 

although it does produce an  impact load. 

Severa l  methods are a v a i l a b l e  t o  c a l c u l a t e  t h e  th ickness  of g l a s s  

requi red  t o  resist uniform s t r u c t u r a l  loading- Linear  methods 

genera l ly  r e s u l t  in overspeci fy ing  the requi red  th ickness ,  

whereas nonl inear  computer ana lyses  r e s u l t  i n  t h i n n e r  minimum 

g l a s s  thicknesses .  A t h i r d  method i s  t o  r e l y  on g laz ing  i n d u s t r y  

experience. Unfortunately,  a l l  o f  these methods, even those  

based on indus t ry  experience, ' y i e l d  d i f f e r e n t  .answers- This  

p o i n t .  i s  i l l u s t r a t e d  by Figure 4-1 which compares t h e  r e s u l t s  of 



s e v e r a l  methods o f  determining t h e  requi red  th ickness  of annealed 

g l a s s  as a funct ion  of area. 

For  purposes of t h i s  study, t h e  th ickness  of g l a s s  r equ i red  t o  

resist s t r u c t u r a l  loads  i s  determined using t h e  r e s u l t s  of a 
, , 

t h i r d  q u a r t e r  1977 informal  working document prepared by JPL. 

Curves in t h a t  d r a f t  . r epor t  were t h e  r e s u l t  of a s t u d y  u t i l i z i n g  
? *  

a nonlinear  computer analysis .  This a n a l y s i s  accbunts  f o r  t h e  

in-plane membrane fo rces  t h a t  develop and provide s i g n i f i c a n t  

i n c r e a s e s  i n  s t r e n g t h  as d e f l e c t i o n s  i n c r e a s e  beyond about h a l f  
. 

t h e  th ickness  of t h e  p la te .  It was necessary t o  e x t r a p o l a t e  t h e  

graphed da ta  f o r  use  wi th  tempered glass .  Additionally;  the JPL 

document gave a mean breaking s t r e n g t h  o f  276 MPa (40,000 p s i )  

f o r  tempered g l a s s  and 69 MPa (10,000 p s i )  f o r  annealed g lass .  

These values were reduced by a f a c t o r  o f  f o u r  lh y i e l d  a m a x i m u m  

working stress of 69 MPa (1 0,000 psi)  f o r  tempered g l a s s  and 

17 MPa (2,500 p s i )  f o r  annealed g l a s s  i n  accordance with t h e  JPL 

document. ~ a l c u l a t i b n  r e s u l t s  a r e  presented in  Figures  4-2 and 

4-3, f o r  annealed and tempered g l a s s  shee ts ,  r e s p e c t i v e l y ,  w i t h  

a spec t  r a t i o s  (isme., r a t i o  of module l e n g t h  t o  width) of 2: 1 and 

1:l. The curves are f o r  g l a s s  s h e e t s  simply supported on four  

s i d e s  i n  a p i c t u r e  frame conf igura t ion .  

These curves and o t h e r  da ta  a r e  used i n  Sect ion  4.3 t o  eva lua te  

t h e  impact of l i g h t  absorpt ion in g l a s s  cover shee ts .  

Considerat ion o f  l i g h t  absorp t ion  e f f e c t s  i n  conjunct ion w i t h  

minimizing t h e  c o s t  of energy produced by a p h o t o v o l t a i c  p l a n t  



1.N MM . . 

0.5 ANNEALED GLASS A 

.. . 

0.09 
0.08 

: '  GLASS AREA 

CURVE: A - FLAT PLATE, LINEAR THEORY, ASPECT RATIO 1.59, 

SIMPLY SUPPORTED ON 4 SIDES. 

B - FLAT PLATE, LARGE DEFLECTION (JPL, MOORE) ASPECT 

RATIO 3, SIMPLY SUPPORTED ON 4 SIDES. 

' C - FLAT PLATE, ASG & LOF, ASPECT RATIO(5, SIMPLY 
, .  . 

SUPPORTED ON 4 SIDES. 

D - FLAT PLATE, PPG, ASPECT RAT10<3, SIMPLY SlJPPORTED 

ON 4 SIDES. 

. . 

Figu'm' 4-1 GLASS THICKNESS VERSUS AREA 



!N % , lvwl , LOADING . - 

ASPECT RATIO = 2 

- I 
1 

: 

KPA 
3.6 

PSF 
76 

AREA . . 

'IN MM 
LOADING . 
KPA . PSF ' . 

. . 
1 ASPECT RATIO = 1 . 3.6 ' 74 

. . . . 
.I 

2.4 . 60 . . 
i 

*-I0 1.7' 36 - 
4 

. . 

-10 - ' - ' 0  x l  x 

- 2  1 I 2 '  6 10 ~ 2 '  
2 i.s 

-07 7' - ' . I .  ' I ,  I, ' 
6 . '  10 60 100, F T ~  

AREA 

~ i ~ u r e  4-2 THICKNESS VERSUS AREA FOR ANNEALED GLASS 



C 1 . 'IN MM a LOADING 

PSF 
76 

60 

36 

50 100 F T ~  
AREA 

K P A  PSF 
2 ~ 6  75 

LOAPING. 

ASPECT RATIO = 1 
K'PA PSF 
3.6 75 

2.4 50 

5 , .  10 60 100 F T ~  

AREA 

Figure 4-3 THICKNESS VERSUS AREA FOR TEMPERED GLASS 



l e d  t o  s e l e c t i o n  of tempered g l a s s  with a 0.05 percent  i r o n  
I 

con ten t  , f o r  . t h e  g l a s s  s u p e r s t r a t e  design ( see  Sec t ion  1 4.3.1) - . 
For reasons  of h a i l  r e s i s t a n c e  (see Sect ion  - 4 . 2 )  and , 

. manufac turabi l i ty  (see Sect ion  4 -3.1) , t h e  t h i c h e s s  of t h e  g l a s s  

i s  cons t ra ined  t o  be g r e a t e r  than  3.2' millimeters (0.125 inch)  

(arrows on Figure 4-3) d e s p i t e  t h e  f a c t  t h a t  c a l c u l a t i o n s  show 

t h a t  f o r  l o a d s  less' t h a n  3-6 kPa (75 psf)  t h i n n e r  g l a s s  would 

s u f f i c e  i f  s t r u c t u r a l  load ing  a lone  were considered, This 

c o n s t r a i n t  i s  judgmental.. I , Thinner . . g l a s s  could be sele.cted . . . , .  f o r  

areas of the country where l a r g e  h a i l  is  n o t  prevalent  ..and i f  
: . . ' .  r 

c u r r e n t  manufacturing processes were r e f i n e d  t o  enable  production 
1 

of t h i n n e r  tempered glass.  I 

I 

AdhesivelPottant. Although adhesives,  po t t an t s ,  and cells have . 

n e g l i g i b l e  c o n t r i b u t i o n s  t o  s t r u c t u r a l  s t rength ,  . . , ,, they ).. 
. >..-. - 

s i g n i f i c a n t l y  c o n t r i b u t e  t o  module cos t .  Accordingly, an 

adhesive and p o t t a n t  are included i n  t h e  pos tu la ted  . * module 

d e s i  gn. The conf igura t ion  s e l e c t e d  is a 0-76 mi l l ime te r  
I , '  

(0,030 inch) l a y e r  o f  PVB (polyvinyl  b u t y r a l )  , i n  which t h e  cells 

are embedded. Other c ~ n f i g u r a t i o n s  are p o s s i b l e  and are 

discussed  f u r t h e r  i n  conjunction with e l e c t r i c a l  a s p e c t s  i n  

Sec t ion  4.4. 

PVB i s  a v a i l a b l e  i n  several grades. The grade s e l e c t e d  f o r  . L . . 

purposes of this study is  a i r c r a f t  grade (e-g., Saf lex) with a 

c o s t  of $9.32 per square  meter p e r  mi l l imeter  of th ickness  .. ... , 

($04.022 pe r  square f o o t  r m i l )  (1975 3) , Although 



a r c h i t e c t u r a l  grades are about .one-half  t o  one-third t h i s  -st, 

and ' autombtive grades c o s t  less -yet .  s e v e r a l  module manufacturers 

a r e  c u r r e n t l y  u t i l i z i n g  t h e  a i r c r a f t  grade PVB i n  t h e i r '  module 
. . 

designs. Addit ional  work is needed t o  determine t h e  

a c c e p t a b i l i t y  of the lower &st grades of PVB. 

Back Cover. PVB is unsu i t ab le  f o r  use 'as the back cover  becau'se 

of i ts  ' s u s c e p t a b i l i t y  t o  moisture  and its low d i e l = c t r i c  

strength.  Consideration of e ~ e c t r i c a l  i k s u l a t i o n  requiren&ts, 

d iscussed  i n  i n  Sect ion  '4 .4 .2 ,  l e d  t o  s e l e c t i o n '  of a 

0.19 d l l i i e t e r  (0.0075 inch)  . t h i c k  polyestei. s h e e t  f o r  t h e  &k 

cover mater ial .  Additionally,  t h e '  poly=ster  slie'et i s  

mechanically s t rong,  both holding and p r o t e c t i n g  the  PVB,. 

E l e c t r i c a l  Conqeftor~.. A s  mentioned, the d e f i n i t i o n ,  of' a ' module 

a s  used i n  t h i s  : s tudy inc ludes  a maded p a i r ' o f  e'lect&.cal 

connectors. Based on t h e  r e s u l t s  of a previous ~ e c h t e i  s tudy 
. .. , 

(Ref. 3 -  , a molded-rubber, quick-disconnect connector was 

selected.  The assembled c o s t  .'of a 100 ampere connector p a i r  (for 

t h e  1.2 by 2.4 'n ( 4  by 8 f t )  h d h l e )  and a s h o r t  length."&f w i r e . ,  

0.15 m (6 inch). ,  i s  es t imated  t o  be $3.45 ' (1975 S) i n  t h e  

q u a n t i t i e s  requi red;  t h i s  c o s t  t r a n s l a t e s  t o  $1.16/m2: '   or t h e  

1.2. by 1.. 2 m (4  by 4 f t )  module, t h e  c o s t  of t h e  connector p a i r  

is e s s e ~ i a l l y  t h e  same i n  terms of  dol ' lars  p e r  square meter. 

The behavior o f  connector c o s t  'versus ampere r a t i n g  (Ref. 3-1) i s  

such t h a t  t h e  connector '' c o a t  f o r  the 0,. 6 by 1.2 m (2 by 4 ' ft) 

modul; i s  $Om65/m2. 



~odu.1'  Cost. The c o s t s  of t h e  components and module de sc r ibed  
. . . , *  

above (1.2 by 2.4 m (4 by  8 f t ) )  are p r e s e n t e d  i n  Table 4-2 i n  

terms of  1975 d o l l a r s  p e r  s q u a r e  meter. The costs o f  t h e  

i n t e r c o n n e c t e d  assembly of . s o l a r  cells and l a b o r  t o  assemble  t h e  
. . 

module are provided by JPL. 

TABLE 4-2 

GLASS SUPERSTRATE MCDULE COST ESTIMATE 
' (1.2 by 2.4 m (4 b y  8 f t )  module) . .  

- Cost  
1,. 7 2,. 4 . 3.6 *kPa 
35 - 50 ' - 75 psf  

C e l l  Assembly< 1 3 .YO. 00 40.00 ' 40-00 
PVB (0.76 mm, 0,. 03011) 7.12 7.12 7.12 
G l a s s  (3.2 m, 0,125", 

0.. 05% i r o n )  , 4.. 20 4.20 4..51<23 
Mylar (0.19 mm, 0.0075~1) 0.79 0.. 79 0.79 
Connectors 1.16 1.. 16 1.16 
Assembly Labor< 1, 7.00 7. 00 7.00 

MODULE COST ' ' .  . '60. 27 60- 27 ,6O-.58 

< 1 3 p rov ided  by JPL  
<2,3.6 mm (0.14lW) g l a s s  

These module costs arc used i n  o t h e r  areas of the s tudy.  

However, t h e  g l a s s  cost component changes w i t h  l o a d i n g  i n  

accordance  w i t h  F i g u r e  4-3 (2: 1 a s p e c t  r a t i o ) ,  t h e  3.2 millimeter 

(0. 125 i nch )  minimum t h i c k n e s s  c o n s t r a i n t ,  and g l a s s  cost d a t a  in 

I F i g u r e  4-9, S e c t i o n  4.3. Also, the cost o f  t h e  electrical 

connec to r s  c a u s e s  t h e  module c o s t  t o  v a r y  w i t h  s i z e  as p r e v i o u s l y  

d i s cus sed .  



4-1.2 M e t  a 1  s u b s t r a t e  ~ o d u l e s  

Various conf igura t ions  f o r  m e t a l  s u b s t r a t e  modules have been 

proposed and a r e  c u r r e n t l y  being used, Generally,  t h e s e  modules 

c o n s i s t  of a cover  shee t  and/or pot tan t ,  a n  embedded asseinbly of 

cells, an i n s u l a t i n g  medium, and a substrate, 

Substrate .  Recent r e s u l t s  of f i e l d  tests i n d i c a t e  t h a t  metal  

s u b s t r a t e  modules can have cell cracking problems i f  t h e  metal is 

nonplanar, i.e., has  stamped grooves t o  increase t h e  r i g i d i t y  of  

the subs t ra t e .  The cracking, a t t r i b u t e d  t o  d i f f e r e n t i a l  thermal 

expansion of p o t t a n t  ma te r i a l  i n  grooved a r e a s  under t h e  cells, 

has  r e s u l t e d  i n  a l t e r n a t e  designs i n  which t h e  c e l l s  are mounted 

on a f l a t  subs t ra t e .  ~ h u s ,  for purposes o f  this s tudy,  a f l a t  
>' '2 A. 

metal s h e e t  s u b s t r a t e  i s  consi'dered. 

F igures  4-4 and 4-5 show t h e  requi red  th ickness  f o r  steel and 

aluminum s u b s t r a t e s  a s  a funct ion  of s i z e  w i t h  loading and aspect  

, r a t i o  as parameters. These curves were der ived  from t h e  JPL 

informal working document discussed i n  Sect ion  4.1.1 and are 

theref  o r e .  c o n s i s t e n t  wi th  t h e  methods used t o  d e r i v e  requi red  
'* f ' 

g l a s s  thjcknesses.  . Both t h e  steel and aluminum are assumed t o  

have a working stress of 138 MPa (20,000. p s i )  as t y p i c a l  of mild 

steel and high-alloy aluminum. . . 

From Figure  4-4, t h e  ca lcu la ted  th ickness  of a 1.2 by 2.4 m 

( 4  by 8 f t )  steel s h e e t  is 1.55 millimeters a t  . 2.4 kPa 
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(0.. 061 i n c h  a t  50 psf )  , Trans la t ing  p r e s e n t  day steel p r i c e s  , t o  

1975 do l l a r s ,  t h e  c o s t  of this steel is  $4.48/m2. From .Figure 

4 5  t h e  th ickness  o f  an  aluminum s h e e t  i s  1.3 .millimeters 

(0.053 inch)  and i s  es t imated  to cost $6, 29/m2 (1975 3 ) .  

Therefore, steel was s e l e c t e d  a s  t h e  s u b s t r a t e  mater ial .  

adhesive /Pott  ant. For purposes o f  t h i s  study, t h e  same 

0,030 i n c h  t h i c k  PVB conf igura t ion  pos tu la ted  f o r  t h e  g l a s s  

s u p e r s t r a t e  module is also used f o r  t h e  metal ; s u b s t r a t e  module 

design. However, a 0.19 mi l l imeter  (0.0075 inch)  shee t  o f  Mylar 

is  added to i n s u l a t e  t h e  cel ls  from t h e  metal,substrate. Less  

expensive means of providing i n s u l a t i o n  may e x i s t ,  however. 

~ r o n t  Cover;. I n  t h i s  design, t h e  f r o n t  cover serves two 
! 

funct ions.  It p r o t e c t s  t h e  cells from t h e  environment, and it 

provides electrical insu la t ion .  Tedlar  is s e l e c t e d  a s  the f r o n t  
L 

cover because of its wea the rab i l i ty  and electrical i n s u l a t i n g  

proper t ies .  .: Tedlar  is c&r.ently a v a i l a b l e  i n  s h e e t s  up t o  

0.1 millimeter (0.004 inch)  th ick , .  Thicker s h e e t s  are obtained 
* , . 

by laminating. A 0.2 millimeter (0.008 inch)  s h e e t .  i s  s e l e c t e d  
. 4 
i '  1 .  

f o r  reasons o f  electrical i n s u l a t i o n  (Section 4.4.2 d i s c u s s e s  t h e  
, . , . I > .  . 

s e l e c t i o n  methodology) al though a t h i n n e r  shee t  would s u f f i c e  
. - .  . . 

' .l. 

from a wea the rab i l i ty  point  of view or i f  t h e  system vo l t age  was 
. , 

lower. I 



Electrical Connectors. The connectors  p o s t u l a t e d  f o r  t h e . g l a s s  

s u b s t r a t e  module are a l s o  used f o r  t h e  metal substrate 

configurat ion.  .. 

M u l e  Cost, ' The es t imated  c o s t  of  t h e  1.2 by 2.4 m (4 by 8 f t )  

metal  s u b s t r a t e  module descr ibed  is presented in Table 4-3. 

TABLE 4-3 , . .. , 

METAL SUBSTRATE MODULE COST ESTIMATE 
(1.2 by 2.4 m (4 by 8 f t )  module) 

Com~on - e n t  Cost l$/m% - 
2.. 4 kPa 

50 .DS$ - 
C e l l  Assemblyc~J 
PVB (0.76 mm8 0.030") 
Mylar (0.19 mm, 0-0075") 

. r .  
Tedlar  (0.2 mm, 0-00811) 

, - .  .Steel (1.55 mm, 0-06111) , 

Connectors 
grssemblv Labor 1 1 

MODULE COST 

* ' ,  . , ? . '  ) I:.. . > 

By comparison with Table 4-2, it can be seen t h a t  t h e  pos tu la ted  
. I 

metal s u b s t r a t e  module i s  s l i g h t l y  more expensive i h a n  t h e  g l a s s  
-~ . ,, .. a' . s .  . 

s u p e r s t r a t e  configurat ion.  Thus, its c o s t s  were n o t  est imated a t  
* ,  I . . . 

o t h e r  -loadings. However, t h e  cos t  d i f f e r e n c e  r e s u l t i n g  from the 
: ,. . . 

preceding eva lua t ions '  i s  n o t  g rea t ,  and t h e  s u b j e c t  warrants  

f u r t h e r  d e t a i l e d  analyses ,  such as t h o s e  being ca rx ied  o u t  by 

~ several c o n t r a c t o r s  f o r  JPLWs Automated Array Assembly Task. 



T e s t s  conducted by JPL i n d i c a t e  t h a t  the  p resen t  module des igns  

can be damaged by h a i l s t o n e  impact- Some of . t h e  des igns  survived 

impacts by a 38 m i l l i m e t e r  (1.5 inch)  diameter s imulated 

h a i l s t o n e  f a l l i n g  a t  .its terminal  ve loc i ty -  However., many o S  t h e  

des igns  were damaged. o r  destroyed by -38. mil.limeter ( 1.5' ' inch~ ' ' or :  

sma l l e r  h a i l  stones.. . Therefore., -'the questkon of vu lne rab i - l i ty  of 

t h e  modules t o  damage' by h a i l  storms is, i m p o r t a t ;  ' '  This  ' problem 

is  reviewed h e r e  in  general  terms, . . . . .. ! < .  

. , "  
Data Sources : . .  .. + . ' 45. 2 .I I 

i 

There are numerous re fe rences  concerning the occurrence of h a i l  

i n  ' the  United S t a t e s  (Ref- 4- 1)"- Perhaps t h e  most importa'riC'da'ta 

resource  is t h e  o p e r a t i o n a l t  log  of severe  l o c a l  storm 

occurrences,  maintained s i n c e  1954 by t h e  National Severe S t o f m  

Forecas t  Center, NOAA, Kansas C i ty ,  Missouri. T h i s  l o g  inc lddes  

r e p o r t s  o f  h a i l  19 millimeters '(0.75 inch)3  i n  d i h e t e r  and' 

grea ter .  Other sources  inc lude  the remarks s e c t i o n  of a i r p o r t  

hourly weather da ta  (WBAN- 1 0) , t h e  m i l i t a r y  t e l e t y p e w r i t e r  

network, newspaper c l ipp ings ,  and s p e c i a l  r e p o r t s  (em g.. , "Ref .. 
4-2) 

I t  should be noted t h a t  not  a l l  : h a i l '  s torms are observed; a l l .  o f  

t h o s e  observed a r e  n o t  r epor ted ;  .and so= which are r e p o r t e d ; a r e  

i n c o r r e c t l y  c l a s s i f i e d .  This . problem was more pronounced i n  



e a r l i e r  years ,  b u t  wi th  inc reas ing  i n t e r e s t  and improved methods. 

and e f f o r t ,  t h i s  problem i s  now less pronounced than i n  t h e  past .  
. . 

Reports of h a i l  can be summarized i n  terms of h a i l  days o r  number 

of h a i l  even t s  repor ted  (Ref. 4-3). For purposes of t h e  present  

work, t h e  nymber. of h a i l  events:. repor ted  provides t h e  most u s e f u l  

iqformation. However, t h i s  type  of information i s  more d i f f i c u l t  

t o  obtain.  

H a i l  t h a t  i s  l a r g e r  t h a n  5.3 millimeters (0.2'1 inch)  in diameter, 

t r u e  h a i l ,  f a l l s  almost exc lus ive ly  i n  v i o l e n t  thunderstorms, b u t  

never when su r face  air temperature is below f reez ing ,  H a i l  

general-ly occurs  during two weather condi t ions ,  e i t h e r  during 

i n s t a b i l i t y : .  . s h a r e r s  in  ' a s i n g l e  a i r  mass' o r  dur ing  f r o n t a l  

a c t i v i t y  between two . o r  more ' a i r  masses. The h ighes t  

con t r ibu t ion  . t o  annual h a i l  occurrence , i s  made by t h e  . sp r ing  
. . 

season f r o n t a l  a c t i v i t y .  occurrences of  h a i l  diminish gradual ly  

as convective-type summer storms t a k e  ,over,. 

. , 

4.2.3.  Review of D a t a  

The t h e o r e t i c a l  maximum h a i l s t o n e  is about 3-31 kg (1.5 pounds) 

with a diameter of approximately 132 mil l imeters  (5.2 inches)  

(Ref .  - 4-3), , although s l i g h t l y  l a r g e r  h a i l s t o n e s  have been 

repor ted  (Ref. 4 4 )  The t e rmina l  v e l o c i t y  of f a l l i n g  h a i l  



depends upon t h e  fo r ce  of g rav i ty ,  t h e  drag coef f i c i en t ,  t h e  

Reynolds number, the d e n s i t y ' o f ' t h e  ha i l s t one  and t h e  air ,  and 

the kinematic v i s c o s i t y  of the a i r -  Large ha i l s t ones  . . k i t h  
. . 

complex su r faces  - may reach t h e  c r i t i c a l  Reynolds number and 

a t t a i n  a  sudden and l a r g e  increase ,  i n  te rminal  ve loc i ty .  . . 
. 

The ca lcu la ted  terminal  v e l o c i t y  of ha i l s t ones  (Ref. 4-3) f o r  an 

assumed s p e c i f i c  g r a v i t y  of 0.6 is given in Table -4-4. 
. ,  . 

For mat i o n  
A l t i t ude  
( m) (ft) 

TABLE 4-4 

TERMINAL VELOCITY OF LARGE HAILS'GONES 

Hail s tone  
- Weisht 
(kg) (lb) 

Hai ls tone  
D i a m e t e r  
(mm) ( i n )  

Terminal 
Veloci ty 
(Ms) . (mph) 

Terminal v e l o c i t i e s  f o r  smaller ha i l s tones  a r e  given i n  Table 4-5 
. . (Ref- 4-7).. 



. ., TABLE ',4- 5 . . . . < ', .' . , . . %  * .  . 5 * ;. 

. .  . TERMINAL ,mOCITY. ,OF ,.SMALL. HAILSTONES , . *  . - . .. ... . ,. 
* , -  . . 

H a i l  s tone  Hai l s tone  Terminal ' 
Weicrht D i a m e t e r -  Veloc i ty  

(Zg) (lb) (mm) (in) (Ws)  (mph) 

The s i z e  frequency d i s t r i b u t i o n ,  of h a i l s t o n e s  f o r  t h e  Denver area 

w a s  s tud ied  by United A i r  Lines f o r .  t h e  per iod 1949 through 1955 

(Ref. 4-3) . Data fmrn ' t h a t  s tudy are shown i n   a able 4-6 a@ as a 

graph i n '  Figure 4-6. 

TABLE 4-6 

FREQUENCY DISTRIBUTION OF MAXIMUM HAIL SIZE 
DENVER 194 9- 1 95 5 

. . 

Number of Approximate General 
Reported D i a m e t e r  S i z e  

Occurrences (inl-  - Descri  tio on 

12 (6.4 < 1/4 Grain 
125 6.4 1 /4 Currant  
290 12.7 1/2 Pea 
151 19 3/4 Grape 

4 0 25-32 1 - 1-1/4 Walnut 
28 45-51 1-3/4 - 2 ~ o l f  B a l l  

5 64-76 2-1/2 - 3 Tennis B a l l  

The amount of damage caused by h a i l s t o n e s  of va r ious  s i z e s  

depends on t h e  n a t u r e  and condi t ion  o f  t h e  t a r g e t .  For example, 
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' ... r,y . : 

s tones  of equal  s i z e  w i l l  e x e r t  a d i v e r s i t y  o f  damage on va r ious  

crops  and their var ious  maturi ty  l e v e l s ,  Repor t s ,o f  h a i l  damage 

t o  crops are complicated by the  f a c t  t h a t  t h e ,  c rops  are a l s o  
, I 

. . 

s u s c e p t i b l e  t o  damage b y ,  wind and hard rain.  Generally,  of  
' b 

course,  t h e  . l a r g e r  the s tone ,  t h e  g r e a t e r  t h e  damage, Table .  4-7 

(Ref. 4-1) p resen t s  a summary of r e p o r t s  f o r  h a i l  o f  

19 mi l l imeter  (0.75 inch) diameter o r  g r e a t e r  f o r  t h e  yea r s  1955 

through 1967, f o r  each  state, This  information is u s e f u l  f o r  

site screening purposes and es t ima t ing  r e l a t i v e  insurance  cos t s ,  

Table 4-7 shows that  t h e  states of Texas, Oklahoma, Kansas, 



TABLE 4-7 

NUMBER OF HAIL REPORTS 
( T o t a l  for Years 1955 through 1967) 

DAameter State- 
19-38mm >38mm 

- 7 5 - l q 5 i n  > l q 5 i n  

AL 50  . . ,54 . - . 
Az .. ,... .L 2 .  12 . .. . " 9 . . 
A .  113 8 2 ' :  
CA 13 6 '  
C O .  .I30 107 
CN 22 7 . .  

State Diameter 
19-38mm .>38mm 

q75-1sq5 in  > I - s i n  



Nebraska, and Missouri  account f o r  over ha l f  (51..1%) of t h e  t o t a l  
- .  

l a r g e  diameter h a i l  r epor t s .  
. . . .. 

I 
The foregoing information, while he lp fu l ,  can only  b e  used t o  

e s t a b l i s h  h a i l  p r o b a b i l i t y  on a general  b a s i s  f o r  l a r g e  areas .  

For example, Table 4-7 i n d i c a t e s  t h a t  Oklahoma had 1018 resorts 

of  h a i l  19 mi l l imeter  (0..75 i n c h ) '  diameter and g r e a t e r  during t h e  

13 y e a r  per iod 1955-1967. These d a t a  i n d i c a t e  an average number 

of occurrences of 10 18/13 or  78,3/year f o r  t h e  state.  This 

l e a v e s  unanswered t h e .  ques t ion  of t h e  p r o b a b i l i t y  of a c e r t a i n  

t a r g e t  within t h e  state of  Oklahoma rece iv ing  one of t h e  average 

78.3 hai ls torms annually. 

The information can be r e f i n e d  somewhat by using Figure 4-7 (Ref, 

4-1) . This f iguxe shows the to ta l  number of repoxted occurrences 

f o r  h a i l  19 mi l l imeter  (0-75 inch)  and g r e a t e r  i n  10 squares  

a c r o s s  t h e  U l i t e d  S ta tes .  ~ n f  &tuna te ly  it does n o t  i n d i c a t e  t h e  

s i z e  c l a s s i f i c a t i o n g i v e n  i n  Table.4-5. Figure 4-7 shows t h a t  

t h e  l o  square a rea  (approximately 10 1 0  square meters (3890 .square 

miles) a t  35O l a t i t u d e )  containing Oklahoma Ci ty  l i s t e d  104 

r e p o r t s  of haiL, 19 millimeter (0.75 inch) and greater, .  -. These 

d a t a  i n d i c a t e  an average of  e i g h t  occurrences per year i n  t h e  

1010 squaxe meters (3890 squaxe mile) area around Oklahoma City, 



Figum 4-7 REPORTED OCCURRENCES OF HAIL 314 INCH AND LARGER, 1955 - 1967 



This  type  of infofmation is st i l l  of an approx+tnate nature.  

s ince ,  . a f o r  example, t h e  a r e a  of a ha i l s to rm swath has nut  h e n  

t aken  +nto  account,. For . .  a s p e c i f i c  appl ica t ion .  a s i te  s tudy and 

i n v e s t i g a t i o n  could develop t h e  requi red  d a t a  base t o  prepare  a 

d e t a i l e d  evaluat ion.  

1 - 

One related cons ide ra t ion  is t h e  c o s t  of. insurance, During t h e  

conduct of ano the r  Bechtel study f o r  JPL (Ref. 3-2).  it was found 

t h a t  t h e  annual premiums f o r  h a i l  insurance f o r  photovol ta ic  

power systems would be approximately equal  t o  twice t h e  expected 

c o s t  t o  r e p a i r  the damage divided by t h e  recurrence i n t e r v a l  i n  

y e a r s  (i. e one over t h e  p robab i l i ty )  f o r  such damage causing 

hai ls torms,  The p resen t  worth of 3 0  years  of h a i l  insurance  

premiums is on the order  of 3#/watt f o r  severe  s torm areas (e.g.. 

po r t iops  of Oklahoma) and. of course. i s  zero  f o r  areas of the 

country n o t  s u b j e c t  to damaging hai ls torms.  
. . 

Further  r i s k .  module design analyses ,  and insurance c o s t  

eva lua t ion  w i l l  r e q u i r e  . d a t a  ., . on how w e l l  modules su rv ive  a 
. % .  

h a i l s t o n e  impacp. Resul t s  from tests conducted by JPL i n d i c a t e  
< ,  I 

t h a t  3.2 millimeters (0.125 inch)  t h i c k  tempered g l a s s  w i l l  

su rv ive  t h e  impact of a 32 millimeter (1.25 inch) h a i l s t o n e  

t r a v e l i n g  a t  'its terminal  ve loc i ty ,  I n  order  t o  des ign  . . modules .-. - .  
. - 

t o  resist h a i l '  damage, it w i l l  . -.. be necessary t o  . . .  know . t h e  th i ckness  
I 

of g l a s s  requi red  t o  r e s i s t  var ious h a i l s t o n e  diameters. Facto,rs 
.- . . .. 

t h a t  should be considered i n  ob ta in ing  t h i s  data i nc lude  i . . g l a s s  .., 

state of temper, edge t rea tment  of t h e  g l a s s  (e-g.. chamfered o r  



n o t ) ,  changes i n  g l a s s  c h a r a c t e r i s t i c s  with age and temperature,  
. . 

support  method (completely framed, segmentally supported, o r  

segmentally eupported and curved),  and impacts a t  high v e l o c i t y  

(i. e., wind-driven h a i l )  . I 

A more d e t a i l e d  ana lya i s  of t h e  r i s k  o f  h a i l  occurrences can be 

found in. a JPL repor t ,  Reference 4-7. 
. , 

$ 8  

4.3 LIGHT ABSORPTION 

A s tudy was made to  determine t h e  c o s t  s e n s i t i v i t y  of modules t o  
3 

l i g h t  absorpt ion  i n  a g l a s s  s h e e t  used a s  a s t r u c t u r a l  support  
, *  .."ez ,. . ' .:. 

and f r o n t  cover  e i capsu lan t  f o r  s o l a r  cells i n  g l a s s  s u p e r b t r a t e  

module designs.  ' ,  

The amount of l i g h t  energy absorbed i n  a g l a s s  s h e e t  i s  an 

exponent ial  funct ion  of  i t s  th ickness  and absorpt ion  c o e f f i c i e n t .  

Tempering t h e  g l a s s  allows t h e  use of t h i n n e r  shee ts ,  thereby 

decreasing absorpt ion  losses .  (The tfi ickness of g liss requ i red  

f o r  s e v e r a l  module conf igura t ions  i s  d iscussed  i n  Sec t ion  4.1.1.) 

The absorpt ion c o e f f i c i e n t  is a funct ion  of t h e  chemical ' makeup 

of t h e  g lass .  Reducing the i r o n  content  of soda-lime g l a s s  is 

t h e  p r i n c i p a l  means of reducing absorpt ion i n  g l a s s  sheet' used 

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



For  purposes o f  t h i s  study, only absorpt ion i n  the g l a s s  is 

considered; it is assumed t h a t  r e f l e c t i o n s  remain unchanged as 

the. i r o n  content  and th ickness  of t h e  g l a s s  vary. F a c t o r s  

a f f e c t i n g  r e f l e c t i o n  l o s s e s  ( & .  0 c e l l s ,  a n t i r e f l e c t i o n  

coa t ings ,  adhesives,  g l a s s  sur f  ace,  and assembly techniques) are 

he ld  constant.  Changes i n  r e f l e c t i o n  due t o  changes in g l a s s  

. index  of r e f r a c t i o n  and b i f r ingence  a r e  assumed t o  be negligible. .  

Except f o r  o p t i c a l  uses,, g l a s s  is seldom manufactured'and s o l d  i n  

l a r g e  q u a n t i t i e s  with a c o n t r o l l e d  index of refract ion. .  More 

commonly, g l a s s  i s  coated t o  con t ro l  r e f l ec t ions .  

Glasses with s e v e r a l  i r o n  contents  were evalua ted  by : cons ider ing  

t h e i r  - l i g h t  absorpt ion  p r o p e r t i e s  i n ,  t h e  0-4. tpo 1.1 micron range 
C 

of s i l i c o n  s o l a r  c e l l  s e n s i t i v i t y .  A weighted absorpt ion  f a c t o r  

-was determined by convoluting t h e  r e l a t i v e  response of a s i l i c o n ,  

cell  (Re f .  4-8) with t h e  absorpt ion c o e f f i c i e n t  of the  g l a s s e s  

(Ref. 4-9) f o r  s e v e r a l  th i cknesses  o f  glass.  Since most 

t ransmission d a t a  on g l a s s  inc ludes  t h e  l o s s  from two s u r f a c e  

1 '  r e f l e c t i o n s .  This loss w a s  removed in  determining t h e  absorp t ion  

c o e f f i c i e n t s  of t h e  g lasses .  . Addit ional ly ,  only normal incidence 

w a s  considered. The r e s u l t s  o f  t h e  evalua t ion  are presented i n  

F igure  4-8, which shows t h e  r e l a t i v e  power output  from a cell 

versus  g l a s s  th ickness  with i r o n  content  i n  t h e  g l a s s  a s  a 

parameter. . . 

E s t i m a t e s '  of g l a s s  c o s t s  were. obta ined  from a manufacturer f o r  

s e v e r a l  th icknesses ,  i r o n  contents ,  and state o f  temper. F igure  
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The da ta  on g l a s s  c o s t  (Figure 4-9) and r e l a t i v e  cell  output 

( ~ i ~ u r e  4- 8) a s  funct ions  of required g l a s s  thickness '  (Figures 

4-2 and 4-3) we're combined t o  determine t h e  optimum material .  

Doing t h i s  r equ i r e s  that some value  b e  placed on the energy cos t  

to  l i g h t  absorpt ion i n  t h e  g l a s s  cover. For t h e  present  

evaluat ion,  t h i s  is  done by keeping p l an t  output cons tant  and 

adding modules, a r rays ,  and balance of  p l a n t  equipment t o  make up 
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for  t h e  power l o s t  by absorption., (Costs f o r  a p l a n t  of this 

type  were est imated i n  a s tudy  by Bechtel  (Ref.  3 0 2 ) ~ )  With a 

cons tan t  power l e v e l ,  c e r t a i n  p l a n t  c o s t s  w i l l  no t  i n c r e a s e  wi th  

added panels and a r r a y s  (e-g., conver ters ,  switchyard, e tc . ) .  

Using da ta  from Reference 3-2, it w a s  determined t h a t  those  

por t ions  of t h e  p l a n t  that would be added t o  keep t h e  output  

cons tant  would c o s t  approximately $103 per square meter. o f  

module . 

The th ickness  of the tempered g labs  s u p e r s t r a t e  is cons t ra ined  t o  

be g r e a t e r  t h a n  3.2 millimeters (.0.125 inch) f o r  reasons of h a i l  

r e s i s t a n c e  (as discussed i n  Sect ion  4 - 2 )  and manuf a c t u r a b i l i t y .  

With e x i s t i n g  ; technology. t h e r e  is r a p i d  hea t  t r a n s f e r  from t h e  

su r face  of g l a s s  s h e e t  which, i n  turn.  limits t h e  t h i c k n e s s  o f  

commercially a v a i l a b l e  s h e e t s  o f ,  thermally tempered g l a s s .  
1 

Thinner s h e e t s  of g l a s s  can be chemically tempered, ' but t h i s  

i r p s u l t s  in a product t h a t  i s  s e n s i t i v e  . t o  sur f  ace  s c r a t c h e s  and 

is t h e r e f o r e  n o t c o n s i d e r e d  f u r t h e r ,  The th ickness  of annealed 

g l a s s  versus  . r e s i s t a n c e  t o  h a i l s t o n e s  of var ious s i z e s  i s  n o t  

I known. Theref ore,  i n  t h e  l i g h t  absorpt ion , c a l c u l a t i o n s  ' t h e  
I 

th icknesses  of annealed g l a s s  requi red  f o r  va r ious  module s i z e s ,  
1 

was based only on s t r u c t u r a l  cons idera t ions  determined from 

Figure 4-2- A s  w i l l  be shown, t h i s  does n o t  a f f e c t  t h e  s e l e c t i o n  

of  material, . In  a l l  .cases. a g l a s s  th ickness  ' capable o f  

r e s i s t i n g  2.4 kPa (50. ps f )  loading  is used,. . 
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Figure 4-10 GLASS SELECTJON ECONOMICS' 

Figure  4-10 shows t h e  c o s t  penal ty incurred  by using g l a s s  o t h e r  

t h a n  t h e  0.01 percent  i r o n ,  tempered g l a s s  used a s  a baseline.. 

F igure  4-10 shows t h a t  t h i n n e r  tempered g l a s s  results, in lower 

total  p l a n t  costs than annealed g l a s s  f o r  modules l a r g e r  t h a n  

0.6 by 1:.2 m (2 by 4 f t )  ( e . ,  0.74 square  meters, 8 square 

f e e t ) .  S imi lar ly ,  t h e  use of tempered, 0.1 percent  i r o n  gla.ss 

l eads  t o  h igher  p l a n t  cost .  The d i f f e r e n c e  i n  p l a n t  cost between 

us ing  t h e  tempered, 0.05 and 0.01 percent  i r o n  cases  is 

r e l a t i v e l y  small  and t h i s  d i f f e r e n c e  would be z e r o  i f  t h e  costs 

of  p l a n t  equipment added t o  maintain cons tan t  power were reduced 

by 3 percent  (i. em from $1 03/m2 t o  $1 00/m2)  . The p l a n t  costs 



from Reference 3-2 ' a re  such t h a t  it is f e l t  t h a t  a t  least a 
- ,  . . 

3 reduct ion in balance-6f-plant c o s t s  w i l l  be requ i red  ' t o  

ndke photovol ta ic  c e n t r a l  s t a t i o n  - p l a n t s  economically 

v iab le ,  On t h i s  bas i s ,  s e l e c t i o n  of  t h e  tempered, 0.05 percent  

i r o n  g l a s s  w i l l  result i n  t h e  lowest  total p l a n t  cost, Thus, 
I 

1 t h i s  ' type o f  g l a s s  is  used i n  Sect ion 4 .I,. 1. 

 he-'major reason f o r  t h e  l o w  c o s t  of t h e  0.05 percent  i r o n  g l a s s  
. , 

i s  t h a t  it i s  produced by a drawing process. ~t present ,  the 

0.0 1 percent  i r o n  i s  a r o l l e d  g lass .  . I f  warranted, a new f a c t o r y  

could be . b u i l t  t o  draw t h e  0.0 1 percent  i r o n  g l a s s  and lower its 

cost.  ' However, t h i s  would r e q u i r e  a l a rge ,  p r e d i c t a b l e  and 

I cons tant  market. Such a market does n o t  now e x i s t ,  bu t  f u t u r e  

demand due t o  s o l a r  thermal and photovol ta ic  i n s t  a l l a t i o n s  

toge the r  might cause its c rea t ion .  . .. 
. . 

4..3,2 - Curved Glass S u p e r s t r a t s  

Light  absorpt ion  i n  a curved g l a s s  s u p e r s t r a t e  w a s  compared t o  

that . i n  a more conventional f l a t  g l a s s  s u p e r s t r a t e  modGle 

conf igura t ion  i n  order  t o  assure  t h a t .  s t r u c t u r a l  advantages 
, . 

i nhe ren t  i n  t h e .  curved p l a t e  w e r e  n o t  o f f s e t  by any.decrease  i n  

energy output. 

The conf igura t ions  compared a r e  t h e  f l a t  g l a s s  module d iscussed  

i n  Sect ion  4.1.1 and t h e  curved g l a s s  module discussed i n  Sec t ion  

4-5. Both are evaluated f o r  a tilt angle of 350 a t  a 3S0 

a 



l a t i t u d e  site; t h e  curved module:?s- c y l i n d r i c a l .  a x i s  ' i s  i n c l i n e d  

a t  350. Other bases  f o r  t h e  eva lua t ion  . include t h e  foll.owingm 

It is assumed that t h e  a d d i t i o n a l  e n c a p u l a n t  or 
adhesive ma te r i a l  between a f l a t  s o l a r  cell and t h e  
curved g l a s s  w i l l  n o t  s i g n i f i c a n t l y  reduce t h e  energy 
output -  T b s  a d d i t i o n a l  th ickness  i s  less than  
0,025 millimeter (0,00;1 inch)  a t  t h e  c e n t e r  o f  a 
76 m i l l i m e t e r  (3 inch) cell f o r  t h e  2.4 m e t e r  (8 foo t )  
r a d i u s  of curvature  and 1.2 meter (4  f o o t )  .span. used, p .  

Electrical energy was. c a l c u l a t e d  on an  hour ly  b a s i s  . f o r  
12 hours of . i n s o l a t i o n  on March 21 a t  350 nor th  
l a t i t u d e .  ! !,-- 

The i n c i d e n t  i n s o l a t i o n .  was derived from Reference .4-10, 
4 

The eva lua t ion  inc ludes  t h e  d i f f u s e  component of 
i n s o l a t i  on. 

i '" " . I 

The Fresnel  equation was used to c a l c u l a t e  f r o n t  s u r f a c e  
r e f l e c t i o n s ,  and S n e l l t s  equat ion was used t o  relate t h e  
angle  of inc idence  t o  t h e  ang le  o f  r e f r a c t i o n .  

3 -  . 

A r e f r a c t i o n  index of la,. 5 was used f o r  t h e  glass.  

' A l i g h t  absorpt ion  c o e f f i c i e n t  of 0.022/cm w a s  used. 
This  i s  derived from work descr ibed i n  Sect ion 4.3, 1 and 
i s  r e p r e s e n t a t i v e  of 0..05 percent  i r o n  g l a s s  i n  t h e  600 
t o  800 nanometer wavelength range,. Ca lcu la t ions  . were 
performed f o r  only  one wavelength of l i g h t .  

The th ickness  of f l a t  g l a s s  was 8.6 m i l l i m e t e r s  
(0, 34 inch) , (Figure ~4-2 f o r  annealed g l a s s  a t  1. .7 kPa 
(35 ps f )  loading).  The th ickness  of the curved g l a s s  is 
4.7 millimeters (0,187 inch)  . ( t h a t  analyzed i n  Sec t ion  
4.5.4). 

The curved p l a t e  w a s  approximated by seven f l a t  f a c e t s ,  
- .  

The r e s u l t s . o f  t h e  c a l c u l a t i o n s  show t h e  energy o u t p u t  of t h e  

curved g l a s s  s u p e r s t r a t e  module is 0.9997 times t h a t  of t h e  f l a t  

g l a s s  s u p e r s t r a t e  module. Although t h i s  va lue  should n o t  be 

considered as accura te  as ind ica ted  by t h e  four  s i g n i f i c a n t  



f igures ,  it does however, suppor t  . t h e  conclusion t h a t  electrical 

energy output  i s  n o t  s i g n i f i c a n t l y  a l t e r e d  by curving t h e  module. 

Other As~ects 

. .. - 
Two o t h e r  methods of o p t i c a l l y  improving a m o d u l e ~ s  performance 

I 

were b r i e f l y  evaluated. One. method o f  improving a module's 

performance would be by t h e  formation of a ho t  mir ror  (i-e. , 
i n f r a r e d  r e f l e c t i n g  sur face)  on t h e  g l a s s  surface.  This would 

inc rease  module performance by 11 lowering i t s  temperature.. 

Ex i s t ing  th in- f i lm technology c*.be used t o  r e f l e c t  energy t h a t  

i s  o u t s i d e  of t h e  0.4 t o  1.. 1 micron band i n  which s i l i c o n  c e l l s  
" ' (  . 

a r e  sens i t ive .  It i s  es t imated  t h a t  t h i s  would lower a module's 

temperature by approximately 5OC (90F) , which i n  t u r n  would 

inc rease  conversion e f f i c i e n c y  by a q u a r t e r  of a percentage 
. * -  . . - *  

point.  Considering modules c o s t i n g  $OW5/watt and r e l e v a n t  

por t ions  of t h e  balance of p l a n t  t r a n s l a t e s  the worth of t h i s  

improvement t o  about $1 15/h2. However, p r e s e n t  t h i n  f i l m  
*< I 

coat ings  c o s t  on t h e  o rde r  of $20 to  . $1OO/m2 i n  l i m i t e d  . . 
production- Thus, it appears t h a t  t h i s  technique is  n o t  

economically s u i t e d  f o r  f l a t - p l a t e  a r rays .  However, it may be 

appl icable  i n  concent ra tor  a r r a y s  where t h e  a r e a  t o  be coated  i s  

s i g n i f i c a n t l y  l e s s .  Also, such coat ings  w i l l  perform better wi th  

concent ra tor  a r r a y s  where t h e  l i g h t  tends  t o  be normally i n c i d e n t  

on t h e  cel l  f o r  t h e  e n t i r e  dayw I n  such evalua t ions ,  it must be 

remembered t h a t  a ho t  mi r ro r ' s  in-band t ransmiss ion  i s  n o t  

100 percent.  



A second method t o  impro~e '~m9dule performance i s  t o  reduce t h e  

r e f l e c t i o n  a t  t h e  first s u r f a q q  of t h e  g lass .  Experimental da ta  

f o r  s o l a r  thermal c o l l e c t o r s -  *d$cate - ,  t h a t  an e t c h  a n t i r e f l e c t i o n  

trcoating81 can reduce t h e  f jrst , s u r f  ace r e f l e c t i o n  from about 

4 percent  t o  less than ! pert+% I n  t h e  0.4 t o  ' 1.1 micron ,range 

( ~ e f .  4-1 1) . This  improvement ,.=+ would have to c o s t  less than  

$5/m2. It i s  est imated t h a t  such processing would cos t .  on t h e  
I : .  

o r d e r  of $1 t o  $5/m2. Thus, it appears such techniques shou ld 'be  
. . 

I +  . 
evaluated fu r the r .  Also, t@e performance' . . ,. o f  this type  of,  coa t ing ,  

A 1 i . : .  I 

improves wi th  inc reas ing  angJes . .  s ' of incidence.  ' How,ever , t h e  
' . t  . 

d u r a b i l i t y  (e.g., r e s i s t a n c e  tq continued leaching  of t h e  g l a s s  
i.4' 

surface)  , and t h e  moisture and. d j r t  r e s i s t a n c e  of  a n t i r e f l e c t i o n  
I . 

fl coat ings  produced by this pocess may p e c l u d e  i ts  use unless  

improvements can be made. . . . . 

Improvements i n  cell. a n t i r e f l e c t i o n  coa t ings  and.  design o f  t h e  

glass-adhesive-cell  o p t i c a l  i n t e r f a c e  are considered beyond t h e  
, ., ' scope of t h e  present  study. 

ELECTRICAL 

Several-  e l e c t r i c a l  a spec t s  of module des ign  are d iscussed  i n  t h i s  

sect ion.  Included a r e  evalua t ions  o f  i n s u l a t i o n  and leakage 

current .  Other r e p o r t s  by Bechtel  conta in  f u r t h e r  d a t a  on 

connectors, wiring, vo l t age  t r a n s i e n t s ,  and s e l e c t i o n  of dc  

system vol tage (Refs. 3-1 and 3-2). 
. . 



Module Electrical I n s u l a t i o n  Reuuirements 4.4, 1 

The materials employed i n  t h e  f a b r i c a t i o n  of terrestrial 

photovol ta ic  s o l a r  cell modules must e x h i b i t  acceptable  

e l e c t r i c a l  i n s u l a t i n g  p r o p e r t i e s  throughout t h e  mo,dule' s u s e f u l  
, . 

l i f e  in a d d i t i o n  t o  providing the  requi red  ' s t h c t u r a l  s u ~ g o r t  

and/or environmental protect ion.  Module encapsulants  are , 

s t r e s s e d  by e l e c t r i c  f i e l d s  r e s u l t i n g  from normal dc operatirig 
1. 

vol tages  and, from time t o  time, by t r a n s i e n t  overvol tages 

o r i g i n a t i n g  e i t h e r  wi th in  the '  system (e-g., conver ter  generated) 

o r  from .outs ide t h e  system (em g, , l i g h t n i n g  induced) , 

Normal dc system voltage- is determined by . t h e  vo l t age  o f  each 

s o l a r  c e l l  and t h e  number of s o l a r  cells connected i n  series, 

The following s o l a r  cell vol tage  c h a r a c t e r i s t i c s  ' were suppl ied  - by 

JPL f o r  u s e  .in t h i s  s tudy and are *ed t o  de te rk ine  a r r a y  vo l t age  - 
' - .  

. , .  . .  . .  condi t ions  : 
. ,  . .  . .  ..- * . . . 

The open circgit v o l t a g e  is 0.58 v o l V c e l l  f o r  a 280C 
cell  temperatbre. ' 

The open c i r c u i t  vo l t age  decreases  by 010038 v o l t / v o l t  
p e r  O C  i n c r e a s e  i n  cell  opera t ing  temperature, 

The naminal opera t ing  c e l l  temperature (NOCT) is 44OC- 

The maximum power po in t  vo l t age  i s  0. .  15 v o l t / c e l l  less 
than .  t h e  open c i r c u i t  vol tage,  

Based on t h e .  above parameters, Figure 4-1 1 i l l u s t r a t e s  t h e  
I 

v a r i a t i o n s  of system peak-power-.point" and open c i r c u i t  , vol tages  

a with s o l a r  . c e l l  . opera t ing  temperature . for  t h e  b a s e l i n e  p l a n t  
" * .  

. r  



SOLAR CELL OPERATING TEMPERATURE 

, , 
, . . . 

Figure 4-11 SYSTEM VOLTAGE VERSUS SOLAR CELL TEMPERATURE 

design discussed i n  Section 3. ~ h l s  system has a peak-power 

point  operat ing voltage of 1500 v o l t s  a t  an i n so l a t i on  1evel .of  

1 kW/m2 and a nominal operating cell  temperature (NOCT) 04' 440C. 

I t  can be seen from Figure 4-11 t h a t  "normalfit system voltage, and 
. "  

t he re fo re  insu la t ion  stress, . w i l l  vary over a wide range during 

system operation. 

Transient  voltage l e v e l s  a r e  somewhat more d i f f i c u l t  t o  predic t ,  

e spec i a l l y  a t  t h i s  ea r ly  s tage  of design, due t o  t h e  absence of 
. i 

de ta i led  s i te  and system design character is t ics .  As  reported i n  

an e a r l i e r  Bechtel study (Ref . 3-1) , t r a n s i e n t  vol tage  l e v e l s  

depend on such system c h a r a c t e r i s t i c s  as: 
, . 



Converter design 

D c  system impedance 

Si te  i sokeraunic  l e v e l  
, , S o i l  r e s i s t a n c e  

Type and c h a r a c t e r i s t i c s  of t h e  l i g h t n i n g  p ro tec t ion  
scheme and o ther  a u x i l i a r y  p ro tec t ive  devices  

Based on a cons idera t ion  of .. t h e s e  and ' o the r  f a c t o r s ,  it i s  
. , 

. est imated t h a t  expected- values of t r a n s i e n t  vo l t ages  w i l l  b e  on 

t h e  o rde r  o f  2.5 to 3 t&ee the dc system voltage. However, it 

is  more l i k e l y  t h a t  ' long-tekm' performance requirements under 

normal system v'oltages, r a t h e r  than  t r a n s i e n t  vo l t age  l e v e l s ,  . . 

w i l l  determine i n s u l a t i o n  requirements. The reasons f o r  this 

c o n c l k i o n  a r e  discussed i n  'this sec t ion .  

. % 

- x .  - - 1 4  

  he a b i l i t y  of a mate r i a l  t o  a c t  as an i n s u l a t o r  depends on i ts  
" _  . . ,  

. a b i l i t y  t o  i n h i b i t  the acce le ra t ion  of e l e c t r o n s  wi th in  t h e  . I 

material .  The maximum uniform electric f i e l d  t o  which a 
i ' .  

homogeneous substance can b e  subjected without breakdown is 
. . 

r e f e r r e d  t o  as t h e  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of t h e  ma te r i a l  
I .  

(Ref,. 4-12) . D i e l e c t r i c  s t r e n g t h  is  usual ly  presented i n  terms 

of v o l t s  per m i l  (i.e., v o l t s  per  0.00 1 inch) .  For example, t h e  
' .  

i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of polyethylene, a s o l i d  d i e l e c t r i c  
. . 

commonly used i n  cab le  i n s u l a t i o n ,  is repor ted  t o  be about 

6.50,000 v o l t s  per millimeter ( 16,500 ' v o l t s  per  mil) of i n s u l a t i o n  
. I - \ 

t h i ckness  (Ref .  4-12). . Unfort,unately, i n  a c t u a l  p r a c t i c e  many 

f a c t o r s  in te rcede  t o  prevent  t h e  a t ta inment  of d i e l e c t r i c  

s t r eng ths  t h a t  come anywhere near t h e  i n t r i n s i c  values.  Fac tors  



t h a t  'have .been i d e n t i f i e d  as con t r ibu t ing  t o  t h i s a -  reduct ion i n .  

d i e l e c t r i c  s t r e n g t h  include:  

Mater ia l  imperfect ions i n  t h e  form of  holes ,  bubbles,. 
and fore ign  p a r t i c l e s  

Stress concent ra t ions  introduced by t h e  presence of 
sharp edges or pointre on conducting su r faces  

Oxidation and ion  bmbardment r e s u l t i n g  from corona 
discharge 

Mater ial  imperfect ions r e s u l t  i n  l o c a l i z e d  d i s t o r t i o n  o f  t h e  .. 
e l e c t r i c  f i e l d  wi th in  t h e  insula t ion .  For example, i f  a 

conducting p a r t i c l e  is entrapped i n  t h e  i n s u l a t i o n ,  t h e  vol tage  . I ' J  

grad ien t  across  t h e  p a r t i c l e  w i l l  bd n e g l i g i b l e ,  thereby f orqing 

a . l o c a l  -i-ncrease i n  t h e  v o l t  age g rad ien t  appearing ac ross .  t h e  

surrounding insu la t ion .  Such imperfect ions can be introduced 
: , :  

during t h e  manufacturing process. S imi lar  e f f e c t s  r e s u l t  from 

h o l e s  and bubbles t h a t  may form during manufacture or as t h e  

r e s u l t  of thermal cycl ing.  

Sharp edges on conductor sur faces ,  such a s  those  on s o l a r  c e l l  

edges and in te rconnec t  edges, r e s u l t  i n  l o c a l  f i e l d  

i n t e n s i f i c a t i o n s  . . on t h e  order  of two t o  three times t h a t  which 
. .c . : .  . . . 

would . . e x i s t  between p a r a l l e l  f l a t  e lectrodes.  

The presence of corona discharge,  loca ted  either a t  t h e  

conductor- insulat i  on i n t e r f a c e  .- or i n  voids  wi th in  t h e  insu la t ion ,  . . 
produces a s+ow b u t  s teady degradation of i n s u l a t o r  p r o p e r t i e s  

L " I .  

which can, i n  t i m e ,  l e a d  t o  f a i l u r e .  Although corona degradat ion 



L s  more prominent wi th  ac vol tages ,  it can be a ! con t r ibu t ing  

f a c t o r  t o  f a i l u r e  i n  dc app l i ca t ions .  

F,or poss ib le  module i n s u l a t i o n  systems i n  dc f i e l d s ,  where t h e  

vol tage i s  d i s t r i b u t e d  ac ross  a series combination of  two o r  more 
. . 

d i f  h r e n t -  i n s u l a t i n g  inater iala ,  the ra t io  of t h e  f i e l d  s t r e n g t h s  

i n  t h e  -ma te r i a l s  v a r i e s  d i r e c t l y  wi th  the ra t io  of . t h e i r  

r e s i s t i v i t i e s .  I n  such cases ,  t h e  d i e l e c t r i c  s t r e n g t h  of  t h e  

i n s u l a t i n g  system can be less (and therefore ,  c o s t  more) t h a n  

would be acceptable  i f  e i t h e r  ma te r i a l  was used solely.  

The d i o l e c t E i c  s t r M g t h  o i  i n s u l a t i n g  mate r i a l s  v a r i e s  i n v e r s e l y  

with t h e  l e n g t h  of time under stress. Th i s  i s  demonst ra tedby 

the data gcesented i n  F igure '  4-12 (Ref. 4-13) , which p r e s e n t s  
.. .. , ,  , . . .;!. ,' 

breakdown l e v e l s  on a #14 AWG -copper wire i n s u l a t e d  with 50 m i l s  

of high molecular- weight polyethylene (HMPE) . , Along w i t h  t h e  

observed decrease  i n  d i e l e c t r i c  s t r e n g t h  with t i m e ,  t h e  h igher  

d i e l e c t r i c  s t r e n g t h  possible wi th  dc  vo l t ages  i s  a l s o  apparent.. 

i 

The success fu l  l o n g - l l i e  design of any i n s u l a t i o n  system 
I 

t h e r e f o r e  r e q u i r e s  t h a t  s t r e s s  l e v e l s  be  kep t  s u f f i c i e n t l y  below 

measured ' l e v e l s  t h a t  have caused d i e l e c t r i c  breakdown over 

per iods o f  time less than  o r  equal  t o  the design l i f e  of t h e  

i n s u l a t i o n  sys'tem.. 

M U C ~  information on long-tern i n s u l a t i o n  performance has been 

c o l l e c t e d  by the i n s u l a t e d  power cab le  industry,. ~ i g u r e  4- 13 
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Figure 412 BREAKDOWN MEASUREMENTS ON HMPE-INSULATED WIRES 

* 

presents  maximum permissible stress l eve l s  versus applied voltage 

fo r  two common insu la t ing  mate r ia l s  based on standards published 

by t h e  Insulated Power Cable Engineers Association (IPCEA) f o r  

t h e  manufacture of wire and cable. The stress leve l s  presented 

i n  . Figure '4-13 ' a r e  based on required insu la t ion  th ickness  and 

maximum permissible voltage. This voltage was converted t o  t h e  

equivalent,  . peak phase-to-ground voltage f o r  t h e  RMS a l t e rna t ing  

cur ren t  phase-to-phase voltages l i s t e d  i n  t h e  standards.' The 

indicated stress l e v e l s  f o r  t h e  lower voltage leve l s  probably 

r e s u l t  f tom t h e  m i n i m u m  thicknesses d i c t a t ed  by mechanical 

considerations.. ,From, t h e  data i n  Figure 4-13, it appears t h a t  

maximum acceptable electrical stress l e v e l s  f o r  operat ion i n  a c  

fields a r e  about 1770 and 3350 v o l t s  per millimeter (45 and 



85 vol ts /mil)  f o r  rubber and cross- l inked polyethylene,  

respect ively.  
, - ,  

There is no universa l  indus t ry  agreement as t o  the accep tab le  

s t r e s s  l e v e l  f o r  i n s u l a t i o n  i n  .dc  f ie lds . .  One estimate i s  that  
I 

dc stress l e v e l s  o f  three t o  seven t i m e s  t hose  used f o r  ac 

designs may be used ( R e f  .. 4- 14) . Because accep tab le  stress 

l e v e l s  f o r  module i n s u l a t i o n  w i l l  be i d e n t i f i e d  #only a f t e r  long- 

t e r m  performance d a t a  have been obta ined  f o r  modules opera t ing  
I 

under a c t u a l  system condi t ions  (e.g. , v o l t a g e  p r o f i l e  and weather 

condi t ions)  , i n i t i a l  designs . .should c a r e f u l l y  cons ider  stress 

l e v e l s  f o r  t h e  s e l e c t e d  module i n s u l a t i o n  materials, .  

4 0 1  , /: L - -  

# A H -  

+ - RUBBER . . . 
/ 
/ /  

MAXIMUM VOLTAGE (kV-PEAK, CONDUCTOR-TOGROUND) 

Figuie 413 MAXIMUM ALLOWABLE AC. ELECTRICAL STRESS FOR CABLE INSULATION 



Based on t h e  above discussion,  a maximum operat ing stress of  

7870 v o l t s  per millimeter (200 vol ts /mi l )  in , ,a  uniform dc f i e l d  
I ' 3  

w a s  se lec ted  f o r  t h i s  study. Comparing t h i s  value t o  t h e  data 

contained i n  Figure 4-12, it can be seen that t h e  short-time 

( t rans ien t )  r a t i n g  of the in su l a t i on  w i l l  be many t i m e s  the value 

of i t s  liominal long-time ra t ing .  ' Thus, t h e  long-term r a t i n g  

t ends  t o  govern i n su l a t i on  requirements, 

A t  present  many: candidate encapsulat ing materials and hodule 

con£ igura t ions  a r e  under i nves t i ga t i on  (em go,  Refs , 4-1 5 and 

4-16), however no f i r m  designs have been establ ished.  Therefore, 

a module design was se lec ted  f o r  i l l u s t r a t i v e  purposes. This 

design cons i s t s .  o f '  a soda-lime g l a s s  supers t ra te ,  0.25 millimeter 

(On 01 inch)  t h i c k  s i l i c o n  solar cells, sy lgard  184 

adhesive/encapsulant, and a Mylar s e a l a n t  f i lm (back. cover) , .The 

module cross  sec t ion  is  presented i n  Figure 4-14, along with t h e  

expected voltage g rad ien t  and stress d i s t r i b u t i o n  f o r  a module 

opera t ing  a t  1000 v o l t s  dc with res,pect t o  ground. 

It i s  assumed that the e n t i r e  ou t s ide  su r face  o f . t h e  Mylar f i lm 

is a t  ground po t en t i a l ,  This assumption is based on the f a c t  

t h a t ,  once i n s t a l l e d ,  any p a r t  of the module's back sur face  can 

come i n t o  con tac t  w i t h  ground due t o  the presence of  moisture, 
I 

pol lu tan t s ,  o r  o the r  low r e s i s t ance  paths,  The following 

evaluat ion  is the r e fo re  a l s o  va l i d  f o r  a module design employing 

a metal subs t ra te .  
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It can be seen from Figure 4-14 t h a t ,  f o r  t h i s  encapsulat ion 

system, t h e .  maximum vo l tage  stress would appear ac ross  the Mylar 

cover film. This is because t h e  Mylar f i lm has a r e s i s t i v i t y  

fou r  o rders  of magnitude higher than that of t h e  Sylgard 

adhesive/encapsulant. . .  When f i e l d  i n t e n s i f i c a t i o n s  due t o  s o l a r  

cell and in terconnect  edges are considered, equivalent  stress i n  

t h e  ~ y l a r  .would .be. i n  the .range.';of 15,7~50 to 23,600 , v o l t s  pe r  

millimeter (400 t o  600 volts /mil) .  .- '.%It is  l i k e l y ,  ' theref  ore,  t h a t  

i n s u l a t i o n  f a i l u r e s  would i n i t i a t e  i n  t h e  Mylar film. The 

presence of bubbles or moisture (introduced during manufacture o r  

dur ing operat ion)  would, tend t o  " fu r the r  con-ibute t o  i n s u l a t i o n  

f a i l u r e , ,  e spec i a l l y  i f  loca ted  a t  . t h e  Mylar-Sylgard - in ter face .  

I t  should' a l s o  be recognized t h a t  t h e  maximum e l e c t r i c a l  stress 

t o  which ,any p a r t i c u l a r  module w i l l  be  subjected depends; on the 

module~s  e l e c t r i c a l  loca t ion  (i.e. , vol tage  between the module 

and panel  frame) i n  t h e  branch c i r c u i t  , pa r t i cu l a r1  y f o r  center -  

o r  one-pole-grounded systems.. . . 

Since a c t u a l  performance da t a '  w i l l  b e  a l a r g e  f a c t o r  i n  t h e  

u l t ima te  determination . of module i n s u l a t i o n  requirements, 

performance . tests should , be i n i t i a t e d  a s .  soon ) a s  possible .  To 

accomplish t h i s ,  one  :or more modules ( e i t he r  e x i s t i n g  o r  spec i a l  

designs) could &.rmounted outdoors, biased t o  about 1000 v o l t s  dc 

with respect  t o T  ground, and operabed t o  s imulate  t h e  actuaa 

condi t ions  t o  which f u l l  s c a l e  power p l a n t  mdules  w i l l .  be 

subjected. Per iod ic  i n j e c t i o n  of t r a n s i e n t  overvoltage 'pulses, 

followed by measurement of  i n su l a t i on  r e s i s t ance  and o ther  



s i g n i f i c a n t  parameters, would provide valuable  d a t a  as t o  t h e  

long-term perf ormance of module i n s u l a t b n  systems under c e n t r a l  

s t a t i o n  photovol ta ic  power p lan t  condi t ions.  

4.4.2 I n s u l a t i o n  Thickness Versus System Voltaue 

The economics of t h e  balance-of-plant system design i n d i c a t e  t h e  

d e s i r a b i l i t y  of opera t ing  c e n t r a l  s t a t i o n  power p lan t  a r r a y s  a t  

r e l a t i v e l y  high dc  system vol tage  l e v e l s -  Consideration of  

conver ter  , c o s t s ,  dc wir ing  cos ts ,  and I 2 R  l o s s e s  i n d i c a t e  t h a t  

optimum dc  system .vol tage i s  i n  t h e  range o f  1000 t o  5000 v o l t s -  

When encapsulat ion c o s t s  are a l s o  considered, t h e  optimum vo l t age  

is- toward t h e  low end o r  middle of  t n i s  r a n g e ,  depending on t h e  

c o s t  of encapsulat ion as a func t ion  of vol tage  (Ref'. .3-2). 

The module encapsula t ing  system w i l l  be requ i red  . t o  .have 

s u f f i c i e n t  ma te r i a l  th i ckness  (depending on t h e  s p e c i f i c  

conf igura t ion  and mate r i a l s )  t o  maintain e l e c t r i c a l  stress l e v e l s  

a t  o r  below t h e  acceptable  maximum, Addit ional  material requi red  

f o r  opera t ion  a t  h igher  v o l t a g e  l e v e l s  w i l l  a f f e c t  encapsula t ion  

c o s t s , .  ,and, . t o  some ex ten t ,  t h e  module's h e a t  t r a n s f e r  

c h a r a c t e r i s t i c s ,  To i l l u s t r a t e  t h e  e f f e c t  ,of system vol tage  on 

t h e  ..module encapsulat ing system, m a t e r i a l  th i cknesses  f o r ,  t h e  

back s i d e  of  t h e  module conff gura t ion  shown i n  Figure 4-14 were 

ca lcu la ted  a s  a funct ion  of vol tage  l e v e l  and .are. presented i n  

F igure  ,U- 15. , 
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Since t h e  vol tage  stress d iv ides  i n  d i r e c t  proport ion t o  t h e  

material r e s i s t ances ,  and t h e  r e s i s t a n c e  ( a t  250C (77OF)) of 

Mylar i s  about four  o rde r s  o f  magnitude higher  than  Sylgard, 

v i r t u a l l y  a l l  o f  t h e  stress occurs i n  t h e  Mylar. It t h e r e f o r e  

becomes necessary,  wi th  inc reas ing  system vol tage,  t o  i n c r e a s e  

t h e  Mylar t h i c k n e s s ,  (keeping, t h e  Sylgard th ickness  f ixed)  i n  

o rde r  t o  maintain an acceptable  stress l e v e l  (7870 v o l t s  pe r  

mil l imeter  (200 vo l t s /mi l )  ) in t h i s  case, 

Figure 4-16 p resen t s  t h e  requi red  th icknesses  i f  Ted la r  f i l m  i s  
+ .*, 

used i n s t e a d  of  Mylar. ~ e d l a r  has a r e s i s t i v i t y  about f o u r  times 

t h a t  of . Sylgard a t  250C - (7T0F).. This'  r a t i o  changes with 

temperature, The majori ty  of t h e  stress occurs  i n  t h e  Tedlar  

(7870 v o l t s  p e r  m i l l i m e t e r  (200 vol ts /mil)  p i n  t h e  Tedlar and 

1140 v o l t s  per millimeter (29  vol t s /mi l )  i n  t h e  Sylgard) ,  s o  t h a t  

f i c r e a s i n g  t h e  th ickness  of t h e  Tedlar, r a t h e r  than  t h e  th ickness  

of the Sylgard, provides t h e  r equ i red  i n s u l a t i o n  performance with 

a minimum of mater ial .  Although t h e  same i n s u l a t i o n  performance 

could be provided by inc reas ing  t h e  th ickness  of t h e  Sylgard,  

s i g n i f i c a n t l y  more ma te r i a l  would be required.' Th i s  i s  

i l l u s t r a t e d  i n  F igure  4- 17, which p resen t s  r equ i red  material 
L ' 

t h i cknesses  ve r sus  vo l t age  . f o r  a "Tedlar th ickness  . of 

0.1 millimeter (0,004 inch)  ( t h e  maximum th ickness  p r e s e n t l y  

avai1abl;e without' l aminat ing) ,  1t c a n  be seen t h a t  l a r g e  

th icknesses  of Sylgard become necessary in o r d e r  to  maintain t h e  

stress i n  t h e  Tedlar a t  no more than  7870 v o l t s  p e r  mi l l ime te r  
. . . ' i  
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Figure 4-17 ENCAPSULANT SYSTEM Ill - SYLGARD 184 AND TEDLAR 

O t h e r  module conf igura t ions  and encapsulat ing mt erials w i l l  

r e q u i r e  i n d i v i d u a l  a n a l y s i s  t o  determine t h e i r  p a r t i c u l a r  

c h a r a c t e r i s t i c s  and requirements. For example, a conf igura t ion  

r e c e i v i n g  r e c e n t  cons idera t ion  c o n s i s t s  o f  a g l a s s  supers t r a t e ,  

polyvinyl. bu ty ra l  (PVB) adhesive/encapsulant , andl some ., kind o i  

s e a l a n t  f i lm,  . a s  y e t  unspecified.  S ince  t h e  r e s i s t i v i t y  of  PVB 

is  on the orde r  o f  5 x 1010 ohm-cm, v i r t u a l l y  all of t h e  vo l t age  . . 
I 

, . 

stress would appear i n .  t h e  s e a l a n t  f i lm,  i f  e i t h e r  Mylar & 
, .  . 

Tedlar  were used. I f  PVB and . Mylar were used, m a t e r i a l  

th icknesses  would be t h e  s.ame as. for t h e  .Sylgard and Mylar. .,case 

s i n c e  t h e  volume r e s i s t i v i t y  of t h e  Mylar ,is s e v e r a l  ~ d e r . s "  of . .. 
magnitude g r e a t e r  t h a n  e i t h e r  PVB "& Sylgard. 



Figure 4-18 i l l u s t r a t e s  t h e  a f f e c t  o f  vo l t age  on module 

encapsulat ing c o s t s  f o r  t h e  s e v e r a l  conf igura t ions  previous ly  

discussed. c o s t s  presented  i n  F i g u r e  4-1 8 r ep resen t  only t h e  

material. loca ted  . i n  back of the s o l a r  cells and do no t  i n c l u d e  
~. 

f r o n t  covers. adhesive. encapsulant  between the cells . o r  

f a b r i c a t i o n  c o s t s .  Material p r i c e s  were obta ined  from 

manufacturers and Ref. 4-16 and are normalized t o  1975 d o l l a r s  

using c o s t  d e f l a t o r s  suppl ied  by JPL (see Sect ion  2.2)- The 

mate r i a l  c o s t s  .noted , i n  Figure 4- 18 are r e p r e s e n t a t i v e  averages,  

t y p i c a l  o f  t h e  th icknesses  used and a r e  o f f e r e d  as a guide. 

There is  some v a r i a t i o n  i n  normalized c o s t  with thickness.  

. r , '  

MATERIAL COSTS ( 1876 $ I 

S Y L ~ A R D  184- $18.22/M2/mrn ($0.043/~ +/MI L) 
MYLAR - $4.24/M2/mm ($O.OI/FT~/MIL) 

TEDLAR - $1 6.22/M2/mm ($0.038/F l2 /MIL) . P V B  (SAFLEX - PTlO) - $8.32/M2hnm ($0.022/FT /MIL 

VOLTAGE TO GROUND (VOLTS) 

Figure 4-18 MODULE ENCAPSULANT PARTIAL COST VERSUS VOLTAGE 



A,s . . . is , seen .from Figure  4- 18.:,::.: &he. c o s t  and f e a s i b i l i t y  o f -  

cons t ruc t ing  modules f o r  opera t ion  a t  higher system.. vo l t age s .  is 

dependent on t h e  mate r i a l s  and conf igura t ion  used. When 

a l t e r n a t i v e  o r  new encapsulat ion . systems,,  a r e  . proposed, it, ; i s  

recommended t h a t  t h e  design and/or evaluat ion  procedures incl.ude 

the cons ide ra t i  on of vol tage  g rad ien t s  as  i l l u s t r a t e d  i n  Sect ions 

Based on t h e  foregoing evaluat ions ,  an  insu1ati"ng system 
I .I 

cons i s t ing  of PVB and 0.19 mm (0.0075 inch) t h i c k  Mylar i s  used 
. , . . . i .  . , 

f o r  t h e  back cover o f  t h e  g l a s s  supe r s t r a t e  module described i n  

Sect ion  4 1 . 1 . The i n s u l a t i o n  s e l ec t ed  f o r  t h e  metal s u b s t r a t e  

module is 0.2 mm (0.008 inch)  Tedlar f o r  t h e  f r o n t  cover (which 
. . 

is exposed t o  weather) and 0.19 nun (0.0075 inch)  Mylar t o  
. . .  

i n s u l a t e  t h e  cells 'from t h e  metal., " 

. , 

*. * 

The u s e  of a ma te r i a l  as ' an . electrical insulator  n e c e s i i A i y  

impl ies  t h a t  t h e  mate r i a l  has a low electrical conduct iv i ty  
I 

(i-e. , high volume and su r face  r e s i s t i v i t i e s ) .  However, even 
. . 

' .. 
rnate=ia'ls t h a t  a r e  good i r k u l a t o r s  havf a f i n i t e  r e s i s t i v i t y  and 

w i l l "  theref  o r e  allow a - f i n i t e  cu r r en t  flow between e l e c t r i c  
. . 

conductors a t  ' d i f f e r e n t  potent ia ls .  Good i n s u l a t o r s  t y p i c a l l y  
. . .  . 

have r e s i s t i v i t i e s  on t h e  o rde r  of 1015 t o  1018 ohm-cm. It i s  

the r e fo r e  assumed t h a t  a leakage cu r r en t  w i l l  flow through t h e  



module i n s u l a t i o n  whenever a vol tage  e x i s t s  between t h e  s o l a r  
. . .  . . c e l l s  and ground, . ;.. . . 

Effec t s  o f '  photovol ta ic  . s o l a r  c e l l  module leakage cur ren t s  

. ,. i k l u d e :  . . . . .  . . 

Corrosion of metal components of t h e  a r r ay  a t  a r r a y  s o i l '  
i n t e r f a c e s  o r  a t  junct ions between d i s s i m i l a r  metals ,  
e s p e c i a l l y  i n  the presence o f  moisture 

. .  0 .  12R heat ing of t h e  i n s u l a t i o n  mater ial ,  con t r ibu t ing  t o  
thermal aging and- possible  f a i l u r e  

1 . >  ' ' . . . . . .  

Complication of ground f a u l t  de tec t ion  
. ., 

Safe ty  hazard t o  p lan t  *rs.onnel 
, . 

The value of module dc leakage c u r r e n t  w i l l  depend pr imar i ly  on 
. . . . . .  

x i . .  ..... 2. $ i 

the th icknesses  and r e s i s t i v i t i e s  of t h e  encapsulants  and t h e  

I module's vol tage  with r e spec t  t o  ground. Conduction i n  

i n s u l a t o r s  is  thought t o  be due t o  mobile ions  loca ted  in o r  on 

t h e  i n s u l a t o r  material .  With ' the presence of  mois ture ,  a 
. . 

I mater ia l  ' s r e s i s t i v i t y  is reduced, sometimes by s eve ra l  o rde r s  of  
I magnitude. This i s  t r u e  o f  both  t h e  volume r e s i s t i v i t y  and t h e  

. , 

sur face  r e s i s t i v i t y -  Most organic i n su l a to r s ,  such a s  those  

commonly. used in module construct ion,  a l s o  have a negat ive 

temperature c o e f f i c i e n t  of r e s i s t i v i t y ,  Volume and su r face  

r e s i s t i v i t i e s  of s eve ra l  candidate module encapsulat ing ma te r i a l s  
' . ' , . .  , 

are presented i n  'Iable 4-8, 



TABLE 4-8 

RES ISTIVITIES OF CANDIDATE MODULE ENCAPSULATING MATERIALS (a250C) 

Name - 
Soda-Lime Glass 
Soda-Lime Glass 
Soda-Lime Glass 
P lex ig lass  (VB11) 
Scotchweld 22 1 6/B/A 
Korad A 
Mylar 
Tedlar 
RTV 615 

Sylgard 184 

PVB 

cover shee t  
cover s h e e t  
cover s h e e t  
cover s h e e t  
adhesive 
s e a l a n t  f i lm 
s e a l a n t  f i l m  
s e a l a n t  f i lm 
adhesive/ 

encapsulant  
adhesive/  ' 

encapsul a n t  
adhesive/  

encapsulant  

Volume 
R e s i s -  
t i v i t y  
t ohm-cm) 

Surf ace 
R e s i s -  
t i v i t y  
&hm-an1 

.Re 1. 
Humid- 
i t y  
L 

. . . .  . 

Since  many d i f f e r e n t  ' encaFsula t ing  systems and module 

conf igura t ions  are under cons idera t ion , .  c a l c u l a t i o n s  were made t o  
9 

determine order  of magnitude leakage c u r r e n t s  f o r  ' s e v e r a l  

poss ib le  conf igura t ions .  
. . 

These c a l c u l a t i o n s  were based on t h e  simple model presented i n  

F igure  4-19. Although t h i s  model neg lec t s  l a t e r a l  conduction i n  

the encapsulant  volume, t h i s  i s  no t  be l ieved t o  cause s i g n i f i c a n t  

e r r o r  because t h e  volumetr ic  r e s i s t a n c e s  of  candida te  cover 

materials a r e  t y p i c a l l y  much g r e a t e r  than  t h e i r  su r face  

re s i s t ances .  
: .  

~ o t a l  module leakage c u r r e n t  w a s  obtained by summing t h e  

indiv idual  leakage  c u r r e n t s  c a l c u l a t e d  f o r  each cell  i n  : t h e  



R1 a SUPERSTRATE SURFACE RESISTANCE 

. , 
R2 =SUPERSTRATE VOLUME RESISTANCE 

; = SUBSTRATE VOLUME RESISTANCE 

( R I  
=SUBSTRATE SURFACE RESISTANCE 
=,O FOR METAL SUBSTRATE) 

V :.VOLTAGE OF M,ODULE CONDUCTORS TO GROUND 

I t v -=  - .LEAKAGE CURRENT = V 
v ,  

'. . l.. + - - .  ;, (R1 + R2) (RJ + Rql 

Figure 4-19 MODEL FOR LEAKAGE CURRENT CALCULATIONS 

module. Leakage c u r r & t s  f o r  s e v e r a l  module conf igura t ions ,  

descr ibed i n  Table 4-9, 'are presented i n  F igure  4-20. The . . r .  . 
ca icu la ted  va lues  'of leakage c u r r e n t  are presented as a funct ion  

(of r e l a t i v e  ambient humidity f o r  a 1.2 by 2.4 m (4 by 8 f t )  
' . 

module opera t ing  a t  1000 v o l t s  dc w i t h  r e s p e c t  t o  ground. For 

purposes of  i l l u s t r a t i o n ,  g l a s s  and p lexi -g lass  were s e l e c t e d  as 

represen ta t ive  f r o n t  cover mater ia l s .  
, i - .. - . I . . -  

, .  

The r e s u l t s  i n d i c a t e  a wide range i n  expected leakage current ,  
, . , . 

depending on module cons t ruc t ion .  This  i s  because t h e  t o t a l  

leakage c u r r e n t  i s  determined by t h e  equiva lent  p a r a l l e l  

r e s i s t a n c e  of  t h e  s u p e r s t r a t e  and s u b s t r a t e  materials, as shown 
r .  

i n  Figure 4-19. I f  t h e  s u p e r s t r a t e  and s u b s t r a t e  r e s i s t a n c e s  

d i f f e r  g rea t ly ,  t h e  magnitude of t h e  leakage c u r r e n t  i s  
1 

a d e t e r d n e d  by t h e  lower of the t w o  values. I n  addi t ion ,  i f  



CASE 

TABLE 4-9 

TYPICAL MODULE CONFIGURATIONS 

4 FOOT BY 8 FOOT MODULE 
OPERATING AT 1000 VOLTS 
WITH RESPECT TO GROUND 

ld 

CASE 

NO. 

1 
2 
3 
4 
5 
6 

7 
8 
9 

PERCENT RELATIVE HUMIDITY 

% 

Figure 4-20 MODULE LEAKAGE CURRENT 

COVER 

T,YPE 

GLASS 
GLASS 
GLASS 
GLASS 
PLEXI-GLASS 
PLEXI-GLASS 
PLEXl-GLASS 
PLEXl-GLASS 
PLEXI-GLASS 

THICKNESS 

63 MILS 
125 MILS 

125 125MlLS MILS 
20 MILS. 

,100MILS 
20MlLS 
20 MILS 
20MlLS 

ADHESIVE 

TYPE 

- 
- 

SYLGARD I 
ENCAPSU LANT 

THICKNESS 

- 
- 

5'MIL I TYPE 

SY LGARD 

syL[D 

'SUBSTRATE 

TYPE 

- 
- - - 

METAL 
METAL 
METAL 
METAL 
METAL 

THICKNESS 

5MILS 
5MlLS 
5MlLS 
5,MILS 
5MlLS 
5 MILS 

20MlLS 
5MlLS 
5MILS 

SEALANT FILM 

TYPE 

- 
- 
- 

MYLAR - 
- 
- 

MYLAR 
MYLAR 

THICKNESS 

- - 
- 

5MlLS - 
- 
- 

l M l L  
5MlLS 



e i t h e r  t h e  s u p e r s t r a t e  o r  s u b s t r a t e  is  composed of  two o r  more 

d i f f e r e n t  m a t e r i a l s  e l e c t r i c a l l y  i n  s e r i e s ,  i t s  r e s i s t a n c e  i s  

determined by t h e  ma te r i a l  with t h e  h ighes t  r e s i s t i v i t y . .  

For example, from Figure 4-20 it can be seen t h a t  f o r  modules 

wi th  g l a s s  covers, it is t h e  g l a s s  s u p e r s t r a t e  leakage c u r r e n t  

t h a t  . . dominates, a s  ind ica ted  by t h e  inc rease  i d  cur ren t  magnitude 

' with' i nc reas ing  humidity (and hence decreas ing  g l a s s  s u r f a c e  

: r e s i s t a n c e )  . Conversely, i o r  metal  s u b s t r a t e s  and plastic covers  

( s u b s t r a t e  su r f  a c e  r e s i s t a n c e  equals  zero) it i s  t h e  s u b s t r a t e  

leakage c u r r e n t  which dominates, , *This i s  c l e a r l y  i n d i c a t e d  by 
. . 

t h e  reduct ion  i n  leakage c u r r e n t  t h k  r e s u i t i t w i t h  t h e  inc lus ion  

of a  t h i n  l a y e r  o f  high r e s i s t i v i t y  (Mylar] ma te r i a l  i n  the  

s u b s t r a t e  . 

'of course, it must be remembered t h a t  leakage c u r r e n t  is a l s o  

determined by module vo l t age  t o  ground, s o  t h a t ,  f o r  an 

ungrounded dc  system, t h e  leakage c u r r e n t  o f  any given module 

w i l l  be p ropor t iona l  t o  i t s  electrical l o c a t i o n  in t h e  a r r a y  

branch c i r c u i t .  For a  grounded dc system, leakage ' cur rent  w i l l  

be p ropor t iona l  t o  t h e  module's electrical l o c a t i o n  wi th  r e spec t  

t o  the ground ~ o i n t .  

4.5 MODULE/PANEL COMPUTER ANALYSES 

During t h i s  s tudy,  it was r e a l i z e d  t h a t  lower cost panels  might 

r e s u l t  from a reduct ion i n  t h e  amount of frame mate r i a l  used, To 



t h i s  end, t h r e e  gener i c  g las s - supers t r a t e  module/panel concepts  

were evaluated by means . , o f  a nonl inear  s t r u c t u r a l  ana lys is .  

S ince  t h e  a n a l y s i s  mostly concerns t h e  behavior of a glass sheet 

( sub jec t  t o  boundary condi t ions  imposed by t h e  panel  . frame) .: . . , a 

I summary of ' t h e  analyses  is  presented in t h i s  s e c t i o n  on modules, I 
Detailed in formation is. presented i n  Appendix A. 

Three b a s i c  module concepts are analyzed. C a s e  I is a . f l a t  
. . .. 5 . * '  . .. . ., 

module supported cont inuously ' .along i t s  edges l i k e  a- p i c t u r e  

frame. Case 11 is a l s o  a f l a t  module b u t  is supported >-at f o u r  

I po in t s  by edge c l i p s .  Case 1I.I h a s  t h e  same suppor ts  as Case I1 I 
b u t  the g l a s s  module i s  curved. i n t o  an arch  hetween t h e .  .support  

points.  These t h r e e  concepts  a r e  i l l u s t r a t e d  i n  F igure  4-21. 

Classical, c losed  form a n a l y t i c a l  s o l u t i o n s  exist f o r  Case I, b u t  

n o t  f o r  Cases 11 and 111. However, t h e  t r u e  behaviors o f  a l l  

t h r e e  cases  involve l a r g e  d e f l e c t i o n s  and t h e r e f o r e  r e q u i r e  

I nonl inear  analyses.  Thus, f i n i t e  element computer analysea were I 
performed t o  p r e d i c t  t h e  r e s u l t s  o f .  :this b e h a v i a  a t '  1.7 kPa 

(35 psf) , 2.4 kPa , (50 psf )  , 'and 3i6 kPa . ('75 p s f )  uniform 
. . I 

loadings.  Severa l  computer codes t o  perform t h i s  type  o f  
. .. 

anal  . . ysls are commercially a v a i l a b l e ,  and ANSYS, a computer 

p rogra4  d e v e l o p d  . . and maintained by Swanson Analysis Systems, was 
i.. 

s e l e c t e d  f o r  use  i n  t h i s  s tudy  because of its non l inea r  
. -. . . . . , 

capab i l i ty .  Fur the r  d e t a i l s  of t h i s  &omputex code are presented 
. 

i n  Appendix A and i n  References 4- 17 and 4-1 8. 
l J .  
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4.5.1 Prel iminarv Calcula t ions  

Before i n i t i a t i n g  e l a b o r a t e  computer ca lcu la t ions ,  a series of 

manual c a l c u l a t i o n s  were made using s e v e r a l  s impl i fy ing  

assumptions. For Case I, t h e  c a l c u l a t i o n s  were based on work 

done by Levy (Ref. 4- 19) and c l a s s i c a l  formulae, such. as those  

t a b u l a t e d  in Roark (Ref. 4-20), For C a s e  11, formulae f o r  f i x e d  

end and s imply supported beams (Ref.. 4-20) were , . used. 

Timoshenko's work f o r  c y l i n d r i c a l .  archs (Ref- 4-21) was used .for .. . . 

Case 111. In addi t ion ,  approximate numerical , s o l u t i o n s  w e r e  
.. ' 

obtained f o r  Case 111 by using a programmable ca lcu la to r .  

For Case I, c a l c u l a t i o n s  based on Levy' s work ind ica ted  t h a t  a 

t h i n n e r  p l a t e  could be  used t h a n  t h a t  predic ted  by c l a s s i c a l  

l i n e a r  theary ,  Therefore, it w a s  concluded that a d e t a i l e d  

computer a n a l y s i s  was warranted. 

Resul t s  o f  t h e  c a l c u l a t i o n s  f o r  Case I1 i n d i c a t e d  t h a t  u n l e s s  

s i g n i f i c a n t  membrane ac t ion  developed a t  very low loads (e-g., I 
I below 0.96 kPa (20 p s f ) ) ,  t h i s  des ign  would n o t  be v iable ,  T h e *  I 

decis ion  w a s  made to  compare t h e  r e s u l t s  of t h e  nonl inear  - . .  

computer ana lyses  a t  0.48 kPa (10 psf) wi th  a l i n e a r  a n a l y s i s  a t  

0.48 kPa (10 p s f )  and see. i f  f u r t h e r  work was warranted, 

Prel iminary numerical c a l c u l a t i o n s  f o r  Case 111 ind ica ted  t h a t  

I t h i s  concept was v i a b l e  and t h a t  t h e  g l a s s  p l a t e  should, be as 
f ' I 

t h i n  as p o s s i b l e  in o r d e r  to minimize bending stresses. 



4.5.2 Case 1 - P i c t u r e  Erame-Conce~t 
. , 

A literatiire search  was conducted fox work r e l a t e d  t o  t h e  e f f o r t  

descr ibed herein.  Reference 4222 provided experimental  da ta  

aga ins t  which t h e  f i n i t e  elemknt a n a l y s i s  r e s u l t s  could be 
' .  

compared. This  w a s  an  important s t e p  before proceeding with 

nonl inear  analyses. One o f  the .  au thors  ( Stewart  of PPG) 

provided a d d i t i o n a l  experimental  d e f l e c t i o n  da ta  n o t  repor ted  i n  

~ e f e r e n c e  4-22. The s i z e  05 t h e  glass p l a t e  i n  FPG's 

experimental  work was 1.2 by 2.1 m ( 4  by 8 f t )  , t h e  s a m e  as t h e  

I b a s e l i n e  module s i z e  evaluated herein. The experimental  da ta  
I 

were for 4.8 m i l l i m e t e r  (0.187 inch)  t h i c k ,  ' annealed glass .   his 
th ickness  and s t a t e  of temper were s e l e c t e d  for t h e  computer 

I a n a l y s i s  models t o  a l low comparison with t h e  experimental  

result's. ' This provided a means' t o  v e r i f y  t h e  a n a l y t i c a l  apprdich 

and computer model. 

, 
Figure 4-22 shows c a l c u l a t e d  and experimental  stress l e v e l s  a s  a 

func t ion  of load. A s  can be seen from t h e  f igure ,  t h e r e  is very 

eood correspondence between t h e  c l a s s i c  dl theory  and t h e  computer 

l i n e a r  ana lys is .  More important,  however, is  t h e  good agreement 
1 .  

shown between t h e  experimental  d a t a  and t h e  nonl inear  computer 

analysis .  

. . 

Figure 4-23 shows displacement o f  t h e  cen te r  of t h e  p l a t e  as a 

fbnct ion  of load. Again t h e r e  i s  good agreement between t h e s e  

computer results ani3 t h e  experimental  data.. 
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The conclusions are, t h a t  t h e  computer model accura te1  y r e p r e s e n t s  I 

a c t u a l  behavior and #at t h e  ;Case I p i c t u r e  frame support  concept 

using 4.8 millimeter (0.18.7 inch) annealed g l a s s  performs 

adequately under uniform loads  up t o  3.6 kPa (75 psf)  . . - 

) I .  
. A  

4.5.3 . , Case JJ -, C l i w . ~ u p r r a t e d  C w  . !  

The clip-supported .module concept '  c o n s i s t s  of a, f lat  g l a s s  

s u p e r s t r a t e  p l a t e  supported by c l l p s  a t  four points.  As shown-in 

Figure  4-21, t h e  1.2 by 2-4 m ( 4  by 8 f t )  b a s e l i n e  case analyzed 

used 0.3 meter (12 inch) long c l i p s  loca ted  on the 2,?4 meter 

(8 foo t )  . edges and spaced 0,3 meter ( 12 inches)  i n  from t h e  

1.2 meter (4 f o o t )  edges. Actual  supgort  c l i p s  would l i k e l y  

c o n s i s t s  of  ,metal channels with a r e s i l i e n t  gaske t  mater ial .  

This  w ~ u l d  al low t h e  glass to  d e f l e c t  e l a s t i c a l l y  i n  t h e  v e r t i c a l  

d i r e c t i o n  as w e l l  as t r a n s l a t e  e l a s t i c a l l y ,  Consequently t h e  

c l i p s  were represented  by s p r i n g s  i n  t h e  computer model. 

J 

The computer model f o r  Case I was modified to r e p r e s e n t  t h e  

boundary cond i t ions  imposed by t h e  four  c l i p s .  A s  f o r  Case I, 

4.7 millimeter (0.187 inch)  t h i c k  annealed g l a s s  was used i n  t h e  

model. 

Based on t h e  assumption t h a t  t h e  p l a t e  a c t s  as a beam between t h e  

c l i p s , ,  prel iminary c a l c u l a t i o n s  were made using appropr ia t e  

formulas from Reference 4-20, A l i n e a r  a n a l y s i s  by t h e  ANSYS 

I program v e r i f i e d  t h a t  the p l a t e  behaves i n  t h i s  same manner. A 



nonlinear '  a n a l y s i s  was then  performed fox a 0-48 Ha  ( T O  ps f )  

uniform loading and compared t o  t h e  r e s u l t s  of . t h e  l i n e a r  

ana lys i s .  High stresses were p resen t  near t h e  c l i p s  and a t  

center of t h e  p la t e .  Extrapolat ian of d a t a  i n d i c a t e d  t h a t  t h e  

, f l a t - p l a t e ,  cl ip-supported module design would n o t  survive much 

higher loading. Therefore, a t  was decided to discont inue  t h e  

a n a l y s i s  of t h i s  concept. 

Ease 111 - C l w p w t e d  Cuxved P l a t e  Concevs 

. . 

As. shown' by ~ i g u r e  4-2 1, t h e  c l i p s u ~ p o r t e d  curved p l a t e  module 
, . 

: is  similar t o  t h e  Case I1 concept. However, f br Case I11 t h e  . ' 
p l a t e  i s  a c y l i n d r i c a l  s e c t i o n  with t h e  a x i s  - o f  - t h e  cy l inder  

' p a r a l l e l  to t h e  long edge of t h e  p l a t e .  and a r a d i u s  of curvature  

equal  t o  twice t h e  narrow dimension o f  the p l a t e ,  The l o c a t i o n  

of t h e  c l i p s  is t h e  same as f o r  Case 11. 

Preliminary c a l c u l a t i o n s  based on formulae f o r  c y l i n d r i c a l  a rches  

(Ref. 4-20) i n d i c a t e d  t h a t  t h e  curved p l a t e  module concept could 

use t h i n n e r  .g l a s s  than t h e  - ~ i c t u r e  ' frame ooncept. For 

consistency, however, t h e  model was based on t h e  0.187 inch  t h i c k  

annealed g l a s s  used f o r  t h e  o t h e r  analyses.  The element mesh 

l ayou t  w a s  modified i n  order t o  impove  t h e  behavior of t h e  
, ,  - 
elements i n  the three dimensional model of t h e  curved p l a t e  
. - 

module. 
. . 



After ver i fy ing ' the  performance of the  model. nonlinear  computer 

analyses were run for  uniform loadings of 0.48, 0.96. 1.7. 2.4 

and 3.6 kPa (10, 20. 35, 50. and 75 ps f ) .  The r e s u l t i n g  maximum 

t e n s i l e  stress l eve l s  are plot ted  i n  Figure 4-24. A s  can be seen 

t h e  stresses for t h e  clip-supported curved p l a t e  a r e  

s i g n i f i c a n t l y  lower than f o r  t h e  Case 1 p i c t u r e f r a m e  concept. 

Deflections f o r  t h e  Case SIX design ark shown in Figure 4-25 and 

are s ign i f i can t ly  lower than f o r  t h e  picture-frame concept. 

However. f o r  Case 111, t h e  maximum def lec t ion occurs along t h e  
i 

edge of t he  module. . 

---. __  

The estimated cos t  of  a panel based on t h e  case I11 module is 

presented i n  Section .5. 6. 
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I .  
Sect ion 5 

This sec t ion  p resen t s  a d i scuss ion  of panel design. The pane l s  

c o n s i s t  of the  framework needed to suppor t .  t h e  modules discussed 

i n  Sect jon  4 and are used . with t h e  n ine  a r r a y  s t r u c t u r e . a n d  
. . 

foundation conf igura t ions  descr ibed i n .  Sec t ion  6 t o  form comylete .; J - . .  . ,  . 

arrays .  Cons is ten t  with t h e  a r r a y  conf igura t ions  i n  Sect ion  6, 

t w o  panel , s i z e s ,  1 . 2  by 2.4 . m  (4 by 8 f t )  and 2.4 by 4.8 m 

(8 by 16 f t )  , were designed. Three module s i zes ,  0.6 by 1.2 m 

( 2  by 4 f t ) ,  1,.2 by 1.2 . . m (4 by 4 ft), and 1.2 by 2.4 m 

(4  by 8 f t )  , were- used. In  , o r d e r ,  t o  i d e n t i f y  major cost d r i v e r s ,  

designs were performed f o r  uniform loadings  o f  * 1 . 7 kPa (35 ps f )  , 
k2.4kPa.  ( S o p s f ) ,  and i 3 . 6 k P a  ( 7 5 p s f ) .  Nine a r r a y  

. . . . 

conf igura t ions ,  . each c o n s i s t i n g  of foundat ions and primary 

support  s t r u c t u r e ,  were s e l e c t e d  t o  determ&ne major s t r u c t u r a l  

c o s t  s e n s i t i v i t i e s  of var ious structural support  parameters such 

as s l a n t  he igh t ,  foundation shar ing ,  etc,. With t h e  v a r i a t i o n s  i n  

panel  and a r r a y  configurat ions,  module and ,panel s i z e s ,  and 

loading, a t o t a l  of 57 panels  were designed and t h e i r  costs 

estimated. An  alpha-numeric numbring  system was developed to  

assu re  t h a t  t h e  proper  panel  type  i s  assoc ia ted  with each of the 

a r r a y  conf igura t ions  descr ibed i n  Section 6. 



5.1 D E S I G N  BASES 

Bases and assumptions s p e c i f i c  t o  t h e  panel design e f f o r t s  

described here in  are a s  follows: 

The panel ma te r i a l  i s  l igh twe igh t  steel s e c t i o n s  i n  
accordance with agreemehe with JPL, 

The. steel has an allowable stress of . 138 MPa 
(20,000 p s i )  and an e l a s t i c  m & l u s  o f  2.02 x 10s MPa 

. (29.3 x 106 p s i )  . 
Deflec t ions  (d) are l i m i t e d  by d S LA75 S 0m75", a s  
s p e c i f i e d  by t h e  American Metal Manufacturer' s 
~ s s o c i a t i o n ,  where L is t h e  l e n g t h  of t h e  span. This  is 
t h e  normal s p e c i f i c a t i o n  f o r  window frame design, . -. 
The panels  a r e  designed t o  be simply supported with t h e  
upper end f r e e  t o  t r a n s l a t e  a x i a l l y  and to rotate. .  

The pane l s  are divided i n t o  two classes, Class  1 panels  
a r e  designed t o  be end-supported, Class 2 panels  are 
supported a t  t h a t  l o c a t i o n  where t h e  moment a t  the 'upper 
support  i s  equal  t o  t h e  moment between t h e  suppor ts  and 
are r e f e r r e d  to herein as in termedia te  supported panels,  

For es t ima t ing  purposes, t h e  steel members s p e c i f i e d  by 
t h e  design vary from small  angles t o  folded gage metal 
s e c t i o n s  whose sec t ion  modulii,  a reas ,  and weights are 
determined by usua l  engineering formulae and/or 
approximation 8. 

The method of f a b r i c a t i o n  s p e c i f i e d  f o r  e s t i m a t i n g  
purposes i s  f l a s h  b u t t  welding wi th  f l u s h  s u r f a c e  
gr inding  of weld f l a s h  f o r  su r faces  t h a t  e u ~ g o r t  
modulee, 

Carrosion p ro tec t ion  is provided by hot d i p  galvanizing 
a f t e r  panel  fabr ica t ion , .  

The app l i ed  loads  are 1-7, 2.4, and 3.6 kPa (35, 50 , and 
75 psf )  and are unif o m ,  I n  accordance wi th  agreements 
w i t h  JPL, loads are assumed t o  a c t  i n  e i t h e r  o f  t h e  
d i r e c t i o n s  normal to  t h e  module su r faces  and are not  
d i f f e r e n t i a t e d  i n t o  dead and l i v e  load  f r a c t i o n s  , 
r e l a t i n g  t o  phenomenon which c a u s e s ,  t h e  loads-  

Panel ground connections are accomplished by a p a i r  o f  
quick-disconnect molded rubber connectors  a t t a c h e d  t o  



t h e  panel  steel by a s h o r t  l eng th  of .wire. The. 
connectors are'tke same type  a s  (but  sepa ra te  from) the 
module's power connectors and have t h e  same ampere 
r a t i n g .  

. . 
I.. 

panel  c o s t s  are est imated f o r  t h e  q u a n t i t i e s  needed f o r  
t h e  1.58 x 106 square meters. of module su r face  area in a 
200 MWp (nominal) c e n t r a l  s t a t i o n  power. p l a n t  and 
normalized t o  terms of $/ma. 

I 
. The es t imated  costs of i n s t a l l i n g  t h e  pane l s  on the 

a r r a y s  i s  based on t h e  r e s u l t s  of two previous s t u d i e s  
performed by Bechtel (Refs. 3-1 and 3-2). 

., I 

The est imated '  c o s t s  inc lude  materials, l abor ,  shipping, 
and i n s t a l l a t i o n ,  but exclude d i s t r i b u t a b l e s ,  
engineering,  and contingency costs.  Thus, t h e  c o s t s  
presented are e s s e n t i a l l y  d i r e c t  f i e l d  costs .  

5.2 1.2 BY 2.4 METER (4 BY 8 FOOT) PANELS 

. i -  
' .  . . 

Eight . t ypes  of  1.2 by .2e 4 .m . (4 by 8 f t )  panels  were evaluated.  

I , 
The label=ng and conf igura t ion  o'f t h e s e  pane l s  are shown i n  

Figure 5-1. The c l a s s  . (end o r  in termedia te  supported) and 

associa ted  *ray conf igura t ion  case  f o r  each of  t h e  e igh t  panels  
. . .  6 

i s  -?presented , i n  Table 5- 1. . , 

TABLE .5=1 . . 
I , i 

PANEL TYPE, (ZASS, AND ASSOCIATED ARRAY CONFIGURATION .. 

Panel. C l a s s  
Array Configuration 

Case< 1 3  
Module S ize  (meters) 
Module ..?Size ( f e e t )  
Panel Type 

r 

c 1 j see Section ' 6.2 

End Supported In termedia te  Supported 



END SUPPORTED PANELS INTERMEDIATE SUPPORTED PANELS 
8 

L 

TYPE A PANEL (P1x4' MODULES) 

L 

TYPE E PANEL (Yw4' MODULES) . 

TYPE 8 PANEL (2'x4' MODULES) 

TYPE F PANEL (2'x4' MODULES) 

TYPE 0 PANEL (4'x4" MODULES) TYPE R '  PANEL (4'8t4' MODULES) 

F h m  b1 1.2 BY 2.4 METER ( 4 BY 8 FOOT ) PANEL TYPES 



. . 
t ' t  

The est imated c o s t s  o f  t h e  e i g h t  1.2 bi 2.4 m ( 4  by 8 f t )  panel 

types.  @re .presented :in Tables  5-2 through 5- 9 i n  tor& of d o l l a r s  

per  'square meter (1975 $). The assembly l a b o r  c o s t  a o n s i s t s  of  

t h e  c o s t  t o  a t t a c h  t h e  module (8) , t o  the s t e e l  frame (panel  

s t r u c t u r e )  . The f r e i g h t  c o s t  r e p r e s e n t s  t h e  cost s h i p  assembled 

panel, .  inc luding  t h e  module. 

Intermediate  . .. supported panel  types  genera l ly  have lower c o s t s  

than  'end supported panels, The lower costs are a t t r i b u t e d  t o  the  

smaller q u a n t i t y  of *steel i n  those  members which have 

in termedia te  s u ~ p o r t s ,  

~ l t i o u ~ h  t h e  in termedia te  supported panel t y p e s  have an  apparent  

es t imated  c o s t  advantage, t h e y  may a l s o  have disadvantages,  One 

poss ib le  disadvantage i s  t h e  r a p i d  change in  reve r se  bending of 

t h e  panel  s i d e  members t h a t  occurs a t  t h e  panel upper supports,  

The , r e v e r s e  bending d e v i a t e s  from t h e  s imply.  supparted 

assumptions used i o r  s i z i n g  t h e  module g l a s s  th icknesses  (see 

Sect ions 4,l.l and 4.5, and Appendix A) and could, conceivably, 

r e s u l t  i n  t h i c k e r  g l a s s  f o r  t h e  modules.. T h i s  i s  p a r t i c u l a r l y  . .  . 

t r u e  f o r  t y p e  B panels ,  where t h e  uFper panel support  p o i n t  is 

c l o s e  t o  t h e  module corner  loca t ion ,  t h e  same l o c a t i o n  where 

r eve r se  bending of t h e  module would occur even i f  no beam bending 
# 

J 

occurred, a s  i s  assumed i n  s e l e c t i n g  module th ickness  (see Figure 

5-1 and Figure A-6 i n  Appendix A ) .  For  Type B panels,  

e spec ia l ly ,  it may be d e s i r a b l e  t o  l o c a t e  t h e  support  p o i n t  a t  
1 

t h e  l o c a t i o n  where an in te rmedia te  panel  member a t t a c h e s  t o  t h e  



TABLE 5-2 

TYPE A PANEL COSZ ESTIMATE (1975 $/ma) 
[end supported,  1-2m x 2.4m (48x8') 'panel, 

Om6m x 1-2m (2gx4') modulea] 

S t e e l  Frame 
Mater ia l  
Galvanizing . I 

F ab r i ca t ion  Labor 
Gasket ( .  

Ground Connectors 
Assembly Labor ! 

Fre igh t  
I n s t a l l a t i o n ,  Direct Labor 

PANEL SUBTOTAL 
Modules - 
PANEL TOTAL 

TABLE 5-3 

TYPE B PANEL COSZ ESTIMATE (1 975 $/m2) 
[ in termedia te  supported,  1-2m x 2.4m (49x8') panel, 

0-6m x 1.2m (2ax4') modules ] 

35 ' - - 50  - 75 psf 

Steel Frame 
Mater ia l  
Galvanizing 
Fabr ica t ion  Labor 

Gasket 
Ground Connectors ' 

Assembly Labor 
F r e i g h t  
I n s t a l l a t i o n ,  D i r e c t  Labor 

- 
PANEL SUBTOTAL 
Modules 

PANEL TOTAL 



TABLE 5-4 

TYPE C .PANEL COST, ESTIMATE - (1 97 5 $/ma) 
[end supported, 1.2m x 2. Urn (4'x8') panel, 

1.2m x 2.4m'(4,x88) module] 

I t e m  t - Loadins 
1.7 2 -4 3.6- kFa 
35 - 50 - 22 psf 

Steel $Frame 
 ater rial 
Galvanizing 
Zabrication Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Freight 
I n s t a l l a t i o n ,  ~ i r e c t  Labor 

. - - '- - I-  

PANEL SUBTOTAL 18.00 21-30 26-30 : 
Module, , : 6'0,- 3 0 60 -30 60.60. 

.- . - - ,. 
PANEL TOTAL 78.30 8 1-60 

TABLE 5-5 

TYPE D PANEL COST ESTIMATE (1 975 $/ma) 
[intermediate fsupported, .- 1,2m x 2, 4m (41x8 I )  panel, 

1,2m x 2-4m (4!x8@) module] 

S t e e l  Frame 
Material 
Galvanizing 
Fabrication Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Freight 
I n s t a l l a t i o n ,  Direct 

I 5.40 
0,. 80 

- '1-80 
0.70 
1.20 

. -3 000 
om50 

Labor 2-00 -- - -- 
PANEL SUBTOTAL ,15.40 16-70 , I : 19.10 - 
Module -60.30 60.30 60-60 . - --- . .' -- 
PANEL TOTAL 75,-70 77-00 



TABLE 5-6 

TYPE E PANEL COST ESTIMATE (1 975 $/ma) 
[end supported, 1.. 2m x 2.4m (4Ix8 ' )  panel, 

0-6m x ,1.2m (28x4 ' )  modules] 
.' 6 

t 

. I t e m  

S t e e l  Frame 
Material 
Galvanizing 
Fabr ica t ion  Labor 

Gasket 
Ground Connectors . 
A s ~ ~ m b l y  Labor 
F r e i g h t  
I n s t a l l a t i o n ,  Direct Labor - -- - 
PANEL SUBTOTAL 24.50 30.70 40,. 60 
Modules 59.80 59- 80 59.80 , 

- - -- 
PANEL TOTAL 84-30 90- 50 100.40 

I 

TABLE 5-7 

TYPE F PANEL COST ESTIMATE (1 975 $/ma) 
[ in termedia te  supported,  1-2m x 2.4m (41x8 a )  panel,  

0-6m x 1,2m (21x41) modules] 

I t e m  - 

S t e e l  Frame 
Material 
Galvinlz'ing 
Fabr ica t ion  ~ a b o r  

Gasket 
Ground Connectors 
Assembly Labor . . 
F r e i g h t  
I n s t a l l a t i o n ,  D i r e c t  Labor 

Loaanq .  --- - 
1.7 2-4  ' 3..6 kPa 
35  - - 5 0  - 75  psf 

--- - 
PANEL SUBTOTAL 20- 90 25-80 33-10 
Modules 59.80 ' 59.80 59.80 -- 

\ PANEL TOTAL . 80.70 8 5- 60 92.90 



TYPE Q PANEL COST ESTIMATE (1 975 $/m2) 
[end supported, .I, 2m x 2-4m (4.~8') panel,  

1-2m x 1.2m (49x49) modules] 

J t e m  I . -- Eoadinq 
1-7 2.4 3.6 kPa 
35 - - 50' - 75 F S ~  

S t e e l  Frame 
Material 8 00 9.60 . 13-50 
Galvanizing 1.30 1-70 ' 2.60 
Fabr ica t ion  Labor , 3.50 4.50 7.00 

Gasket 0-90 0.9 0 0.90 
Ground Connectors 1-20 1-20 ' 1-20 
Assembly Labor 3-70 4-00 4-80 
Fre igh t  0-70 0-80 1-00 
I n s t a l l a t i o n ,  D i r e c t  Lakor 2-00 2-00 2-00 

~ PANEL SUBTOTAL 21-30 24-70 33-00 
Modules , 60-30 60.30 60- 30 

I - 
PANEL TOTAL 81-60 85.00 93- 30 

TABLE 5-9 

TYPE R PANEL COST ESTIMATE (1 975 $/ma) 
n [ in termedia te  supported, . 1.- 2m .x 2.4m (4 'x8 9 ) panel,  

1-2m x 1-2m (49x4') modules) 

S t e e l  Frame 
. Material 
~ a l v a n i z i n g  
Fabr ica t ion  Labor 

Gasket 
  round Connectors 
Assembly Labor 
Freight 
Installation, Direct Labor 

PANEL SUBTOTE , 

Modules 
-- 

PANEL TOTAL 78-30 8 2-00 86,- 90 

9 1 



side, member . ( t h e  '25 perceqt  poin t )  rather t h a n  . a t  t h e  
6 .  

t h e o r e t i c a l l y  i d e a l  ( i-e, ,  equal  moment) l o c a t i o n  used throughout 

t h e  course o f  t h i s  study. ., I - .  . . .  

. .  . 
3 ' 

Another p o t e n t i a l .  disadvanta.ge f o r  in termedia te  supported panels  . . . .  . 

r e s u l t s .  from a moving, , s u ~ p o r t  , . po in t  a$ t h e  upper suppor t  

loca t ion .  When t h e ,  l o a d  i s  appl ied,  the a r r a y  suppor t  . .  s t r u c t u r e  
. . I .  . . .  

and panel w i l l  d e f l e c t ,  r e s u l t i n g  i p  a change i n  support  l o c a t i o n  

t h a t  v a r i e s  w i t h  t h e  appl ied  load i n t e n s i t y .  The  change in 

support  l o c a t i o n  r e s u l t s  i n  a change , i n  mment t h a t  i s  about 10 

t o  15 percent  of . ,  t h a t  ca lcu la ted  f o r  s i z i n g  t h e  member, Of 

g r e a t e r  p o t e n t i a l  e f f e c t  i s  t h e  moving reve r se  bendjng I1wave" 

that w i l l  occur i n  t h e  ,module g l a s s  as, t h e  l o c a t i o n  of t h e  panel  . . 
p o i n t  s h i f t s ,  r e s u l t i n g  i n  s t r a i n  Eat te rns  d i f f e r e n t  from t h o s e  

ca lcu la ted  by methods used i n  Appendix A. 

. . 
I 

The e f f e c t  of preventing s l i d i n g  o f  t h e  panels  a t  t h e  upper 

suppor t  po in t  was b r i e f l y  considered, I t  was found t h a t  i f  

s l i d i n g  i s  prevented, then  both t h e  panel  and module are 

subjec ted  t o  both  a x i a l  and bending forces ,  This results i n  a 

genera l  inc rease  i n  ,panel steel requirements and, (depending on 

t h e  method of g l a s s  support)  poss ik ly  module g l a s s  th ickness ,  . a 

) . *  . , 
- J  . * 

The Type D panel  has  t h e  lowest es t imated c o s t s  f o r  two reasons. 

One reason is that t h e  module and panel  are the same s i z e  and 

in termedia te  support  members a r e  n o t  needed, Thus, t h e  number of 

j o i n t s  and l i n e a r  f e e t  o f  g l a s s  edge f a s t e n i n g  is  the smallest 



p o s s i b l e  f o r  a 1, 2 by 2.4 m (4 by 8 f t )  panel. The second reason 

-is t h a t  it is an in termedia te  supported panel,  and t h e  panel  edge 

members a r e  among t h e  l i g h t e s t  ~ o s s i b l e  f o r  a 1.2 by 2-4 m 

( 4  by 8 f t )  panel. The disadvantages of  in termedia te  supported 

panels  'were discussed i n  previous paragraphs. changes i n  

requi red  g l a s s  th ickness  r e s u l t i n g  f ~ o m  v i o l a t i o n  d t h e  

assumptions (e .g . , simple support)  discussed i n  Sec t ion  4, 1.1 

were n o t  ca lcu la ted  i n  t h i s  study. 

'When compared wi th  r e spec t  t o  magnitude of '  appl ied  loads (1. 7 8 

2'.4, and 3.6 kPa 235, 50,  and 75 p s f )  ) , t h e r e .  i s  a n  i n c r e a s e i n  

cost with i n c r e a s e  i n  load f a r  " a l l  panel types ,  classes, and 

module sizes..  There is a s  much as a 38 percent  inc rease  i n  panel 

c o s t  i n  going from a 1.7 kPa (35 psf) t o  a 2.4 kPa (50 ps f )  load. 

Fur ther  comparisons of panel types  are made i n  Section 5.5, 

5.3 " 2.4 BY 4.8 METER (8 BY 16 FOOT) PANELS 

I 

Ten t y p e s  of  2.4 by 4.8 m (8 by 16 f t )  panels  w e r e  evaluated.  

The l abe l ing  and conf igura t ion  o f  t h e s e  pane l s  a r e  shown i n  

Figure  5-2, The c l a s s  (end or moment supported) and a s s o c i a t e d  

a r r a y  conf igura t ion  case f o r  each of t h e  t e n  panel  types  i s  

presented i n  Takle 5-10. 



END SUPPORTED PANELS INTERMEDIATE SUPPORTED PANELS 
I. 

- 

TYPE M PANEL (Yx4' MODULE81 TYPE N PANEL (Z'x4' MODULES) 

TYPE K PANEL (2'x4* MODULE81 

\ I 

TYPE L PANEL (Yx4' MODULES) 
! 

TYPE 0 PANEL (4*x4' MODULES) TYPE P PANEL (4.~4' WDULES) 

TYPE 0 PANEL (4k" MODULES) TYPE H PANEL (4'18' MODULES) 

TYPE I PANEL (4'xY MODULES) TYPE J PANEL (41x8' MODULES) 

NOTE 
2'x4'=0.C1.2M 
4'~4'-1.2xl.2M 
4'~8*=1.2~2.4M 

A PANEL SUPPORT POINT 

Figun 8 2  2.4 BY 4.8 METER ( 8 BY 16 FOOT ) PANEL TYPES 



TABLE 5-10 

PANEL TYPE, CLASS, AND ASSOCIATED ARRAY CONFIGURATION 

Panel Class End Supported Intermediate  Supported 
Array Configuration 

Case(1) . 5  7 0  8~ 9 
Module S ize  (meters) O.6x1.2 1-2x1.2 1 .2~2 -4  0.6xlO,2 1-2x1-2 1 . 2 ~ 2 ,  
Module S i ze  ( fee t )  2x4 4x4 4x 8 2x4 4x 4 4.8 
Panel Type M 0 G, IC L O N ,  P HIJ 

t 

( 1 3 See Sect ion 6.2 

The est imated c o s t s  o f  t h e  t e n  2.4 by 4 -8 m (8 by 16 f t )  panel 

t ypes  ,a re  presented i n  Tables 5-11 through 5-20 i n  terms of 

d o l l a r s  per square meter (1975 $) , 

I Comparing t h e  est imated c o s t s  f o r  t h e  2.4 by 4.8 m (8 by 16 f t )  

panels shows . t h a t  the' p a t t e r n  es tabl i shed f o r  the smaller 
4 

(1.2 by 2.4 m (4 by 8 , f t ) )  panels  is 'repeated f o r  t h e  l a r g e  panel  

size.  Applied load is a s t r ong  c o s t  d r i ve r ,  Its e f f e c t  is 

s i g n i f i c a n t  and r e l a t i v e l y  uniform f o r  a l l  o f , t h e  panel  types .  A 

second . cos t  d r i ve r  is  module s i z e ,  with pane l .  c o s t  i nc r ea s ing  f o r  

decreasing module s i z e ,  Although a t h i r d  cost d r i v e r  could be 

considered t o  be the l oca t i on  of t h e  upper support  poin t  on t h e  

panel  (and it would be considered a l c o s t  d r i v e r  i f  t h e  s tudy were 

I r e s t r i c t e d  t o  1.2 by 2.4 m (4 by 8 f t )  modules) , t h e  e f f e c t .  of 

t h e  est imated c o s t s  of added suppor ts  f o r  t h e  smaller  modules 

reduces . . t h e  r e l a t i v e  e f f e c t  of  t h e  panel support   location. Thus, 
1 ' 

the panel sugport  loca t ion  e f f e c t  i s  n o t  considered a dominant 
. , 

c o s t  dr iver ,  



TABLE 5-11 

I t e m  - 

TYPE G PANEL COST ESTIMATE (197.5 $/m2) 
[end supported, 2.4m x 4.8m (8 'x16@) panel,  

1.2m x 2.4m (41x81) modules] 

S t e e l  Frame 
M a  teria 1 
Galvanizing 
Fabr ica t ion  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Fre igh t  
I n s t a l l a t i o n ,  D i r e c t  Labor - 
PANEL SUBTOTAL 21.40 28- 30 38,- 80 
Modules 60.30 60.30 60. 60 

- .- 
PANEL TOTAL 81.70 88.60 

TABLE 5-12 

TYPE H PANEL .COST ESTIMATE (1 975 $/ma) 
[ intermediate  supported, 2.4m x 4.8m (8'x 16' ) panel, 

. 1.2m x 2; 4m (41x8') modules) 

I t e m  - 

S t e e l  Frame 
Material 
Galvanizing 
Fabr ica t ion  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Fre igh t  
I n s t a l l a t i o n ,  Direct 

6.30 
, 1-10 

3.40 
0,070 
0- 30 
3.60 
0.70 

Labor .I. 10 - 
PANEL SUBTOTAL 17.20 21.90 '28.90 
Modules 60.30 60.30 60.60 - 

I - -5- 

PANEL TOTAL 77.50 8 2.20 89.50 



TABLE 5-13 
. . 

'TYPE I PANEL COST ESTIMATE (1 975 $/m2) 
. . [end supported, 2.4m x 4.8m (81x16') panel, 

. . 
.1,2m .x 2.4m (4#x81) modules]. 

S t e e l  Frame 
Material '8.00 
Galvanizing : 1.50 
Fabr ica t ion  Labor 4.50 

Gasket 0.. 7 0 
Ground Connectors 0.30 
Assembly Labor 4.00 
Freight  .0. 80 
I n s t a l l a t i o n ,  D i r e c t  Labor 1.10 

75 psf - 

- 
PANEL SUBTOTAL 20.90 26- 40 37 00 
Modules . 60-30 60 -30 60. 60 . - - 
PANEL TOTAL 81.20 86.70 97. 60 

TABLE 5- 1 4 

TYPE J 'PANEL COST ESTIMATE (1 975 $/m2) 
' [ intermediate supported, 2.4m x 4.8m (8'x 16') panel, 

1.2m x 2.4m (41x81) modules]. 

I t e m  , . .  - . ., 

S t e e l  Frame 
. Material 

Galvani zing 
Fabr ica t ion  Labor. 

Gasket 
Ground Connectors 
Assembly Labor 
Fre ight  
~ n s t a l l a t i o n ,  Direct 

Loadinq --- 
1-7 2.4 3,.6 kEa 
35 - - 50 - 75 psf 

5.00 
1.00 
3. 00 
0.70 
0- 30 
3-00 
0 -6 0 

Labor ' 1.10 
- -- 

PANEL SUBTOTAL 14.70 20.30 26. 10 

PANEL. TOTAL . . 75.00 80.60 86.70 



TABLE 5- 15 

TYPE K PANEL COST ESTIMATE ( 1  975 ' $/m*) 
[end'supported, 2 - 4 m ' x  4..8m ( 8 * x 1 6 ' )  panel,  

0-6m x . .  1.2~1 (28x48)  modules] 

S t e e l  Fr am 
Material 
Galvanizing 
Fabr ica t ion  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
~ r e i g h t  
I n s t a l l a t i o n ,  Direct Labor 

-- - 
PANEL SUBTOTAL 2 9 - 2 0  3 6 - 6 0  47.50 
Modules 59:80 59-80 59,- 80 

- 
PANEL TOTAL 89-00 96.40 107.. 30 

TABLE 5-16 , 

TYPE L PANEL COST ESTIMATE (1975  $/m2) 
[ intermediate  supported, 2-  4m x 4-8m (8' ~ 1 . 6 '  ) panel, 

0-6m x 1-2m (28x4') modules] 

S t e e l  kame 
Material 
Galvanizing 
Fah r i ca t i  on Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Fre igh t  
I n s t a l l a t i o n ,  D i r e c t  Labor 

PANEL SUBTOTAL . 
Modules 

. . 
PANEL TOTAL 

- Loadincr 
i - 7  2  -4  3 .6  kPa 
35 - 5 0  - - 75  psf 



TYPE M PANEL' COST ESTIMATE (1975 $/m?) 
[end supported, 2.4m x 4.8m (8'x16') panel,  

I 0.6m x 1.2m (2 'x4@) modules] 

I t e m  - . . .  

S t e e l  Frame 
Material ) I  : 

Galvanizing 
Fahr ica t ion  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
F r e i g h t .  
I n s t a l l a t i o n ,  ~ i r e c t  Labor 

PANEL SUBTOTAL 
~ o d u l e s  . 

TABLE 5-1 8 

TYPE N PANEL COST ,ESTIMATE (1 975 $/m2) 
[ in termedia te  supported,  2.4m x 4.8m (8  ax 16 9 ) panel, 

0. 6 m  x 1.,2m. (28x48) modules ] 

I t e m  - -- Loadinq 
1.7 2.4 3..6 k ~ a  

___ - - -- - 35 - 5 0  - 75 psf 

S t e e l  Frame 
Material 
Galvanizing 
Fabr ica t ion  Labor.  

Gasket 
Groupd ,,Connectors. 
Assembly Labar 
~ r e i g h t  
I n s t a l l a t i o n ,  D i r e c t  Labor 

PANEL .SUBTOTAL 
Modules 



TABLE 5-19 

TYPE 0 PANEL COS?: ESTIMATE (1 975-  $/m2) I 

[end supported, 2.4m x 4. 8m (88x16') panel,  
1.2m x 1.2m (4'x48) modules ] 

I t e m  - 

steei' Frame 
Material  . .  , .. ~ a l v a n i z i n g  
Fabr ica t ion  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Fre igh t  
I n s t a l l a t i o n ,  Direct Labor 

7 5  psf - 

- - 
PANEL SUBTOTAL 23- 20 31-40 41-20 
Modules, 6.0 -3 0 60.30 60. 30 - 
.PANEL TOTAL 

- 
83-50 91-70 10 1,- 50 

TYPE P PANEL C ~ S T '  ESTIMATE (1 975 $/m2) 
[ intermediate  supported, 2.4m x 4.8m (8'x 16' ) panel, 

1.2m x 1.2m (48x48) modules], 

I t e m  

.Steel Frame 
Material  
Galvanizing 
~ a b r i c a t i o n  Labor 

Gasket 
Ground Connectors 
Assembly Labor 
Freight  
I n s t a l l a t i o n ,  Direct Labor 

Loadins 
1.7 2.4 3.6 k ~ a *  
a IP - 7 5  psf 

- 
PANEL SUBTOTAL 18- 90 23- 90 31-40 
Modules 60.3 0 60 -30 60.30 

- - - 
PANEL TOTAL 79-20 8 4- 20 9 1-70 



. Concerns.  about t h e  p o t e n t i a l  disadvantages of . intermediate ,  

supported panels  are t h e  same a s - d e s c r i b e d  in Sect ion 5.2 f o r  t h e  

1.2 by 2.4 m (4 by 8 f t )  panels.  I n  p a r t i c u l a r ,  the choice of 

t h e  panel s u s p o r t  l o c a t i o n  should n o t  ignore  t h e  e f f e c t  of t h a t  

l o c a t i o n  on t h e  module g lass ,  A s  has been previously s t a t e d ,  t h e  

func t ion  of the .panel i s  t o  create module support  condi t ions  such 

t h a t  t h e '  module, as w e l l  as"the panel, can surv ive  t h e  app l i ed  

load  cckdi t ions ,  . . 

. . 

5.4 CASE 9 PANEL 

, . 

Sect ion  6.2.9 desc r ibes  an array '&nf i g u r a t i o n  (Case 9) i n  which 
. . ,  

t h e r e  'is' no f ie ld-erec ted  a r r a y  s t r u c t u r e  pe r  se, With t h i s  

conf igura t ion ,  a l l  of  t h e  a r r a y  s t r u c t u r e  i s  included i n  t h e  

2.4 by 4.8 m ,  (8 by 16 f t )  panel frame. This panel is  s i m i l a r  t o  

Type I b u t  wi th  a hinged back support  s t r u t  added (a t  t h e  
, . . . 

f a c t o r y ) . ; s o  t h a t  t h e  panel and s t r u t  form an A-frame when e rec ted  

i n  t h e  f i e l d ,  The conf igura t ion  of t h i s  a r r a y  concept i s  shown 

i n  . ~ i ~ & e  6-.1.7, along w i t h  f u r t h e r  d e t a i l s ,  i n  Sec t ion  6..2.9. 
. . 

The est imated c o s t  of t h i s  panel and, by v i r t u e  of i ts unique 

design,' i t s  i n t e g r a l  a r r a y  s t r u c t u r e  i s  presented in %able 5-21. 



TABLE 5-21 

CASE 9 PANEL/ARRAY STRUCTURE COST ESTZMATE (1975 $/m2) 
(2.4m x 4-8m (8'x16') pane l , .  l.2m x 2.Um (4ax8') modules) 

1 t e m  /nu 
1 ,. 7 2 -4 3.6 kPa 
32 50 23 psf  

S t e e l  Frame 
M a t e r i a l  . 12.50, 
Galvanizing 2.20 
P a h r i c a t i o n  Labor 5.00 

Gasket 0.70 
Ground Connectors 0.30 
Assembly ,Labor 4.30 
F r e i g h t  0.90 
D i r e c t  I n s t a l l a t i o n  Laboq 
PANEL SUBTOTAL 

1,99 
26.90 

Modules --- 60.30 !&a 60e60 
PANEL TOTAL 87.20 94.40 105e90 

5.5 PANEL COMPARISONS 

I 

The e s t ima ted  costs o f  t h e  57 pane ls  are summarized i n .  Table 

5-22. To f a c i l i t a t e  comparisons of pane l  design,  on ly  panel 

s u b t o t a 1 , c o s t s  are presented.  Adding t h e  module costs would 
. . 

uniformly: increase a l l  o f  t h e  costs by approximately $60/m2 

I n s p e c t i o n  of  t h e  cost d a t a  i n  Table  5-22 l e a d s  t o  t h e  f o l l o ~ i i i n ~  

conclusions:  

e Small module s i z e s  l e a d  t o  high panel  c o s t s .  

* End supported pane ls  are more c o s t l y  than  in t e rmed ia t e  
supported panels.  

Panel  c o s t s  increase s i g n i f i c a n t l y  wi th  i n c r e a s e s  i n  
load ing  (e. g-, t h e  panel  c o s t ,  wi thout  t h e  module, 



i n c r ea se s  26 percent i n  going from a 1- 7 kPa (35 ps f )  t o  
a 2.4 kPa (50 psf) load-  

TABLE 5-22 

PANEL STRUCTURAL COST SUMMARY (1975 $/m2) 

I 

Panel Module End S U D D Q X ~ ~ ~  
S ize  S ize  Panel Loadinu (kPa1 

[meters) h a  m e  &J && 

0-6x1-2  A 25-90 
0 , 6 ~ 1 - 2  E 24-50 
1,2x1,2 Q 21.30 
1 - 2 x 2 , ~  e 18-00 
O e 6 ~ 1 - 2  K 29-20 
0- 6x1. 2 M 28-80 
1 . 2 ~ 1 - 2  0 23. 20 
1 . 2 ~ 2 - 4  G 21.40 
1.. 2x2- 4 I 20-90 
1-2x2-4  Case 9 26-90 

Intermediate  S u ~ ~ o r t e d  
Panel Loaqinu lkPa) a 

2 - 4  m2!2 Ad2 - 3,6 

Panel Module End m ~ o r t e d  Intermediate  S u c ~ o r t e d  
Size S ize  Panel Loadinu tvsf1 Panel Loadinq t ~ s f  1 
s e e t 1  (%eetL me g 242 a B R S - 3 5  5 0 ,  23 

2 x4 A 25.90 30-80 40, 70 B 21.10 25-90 33,.30 
2x4 E 24-50 30-70 40-60 F 20-90 25-80 33-10 
4x4 Q ;  21-30 24-70 33-00 R 18-00 21-70 26-60 
4 x8 C 18.00 21-30 26-30 D 15.40 16,'70 194.10 
2x4 K 29-20 36.60 47f.50 L 24,. 80 29-90 37-60 
2x4 M 28.80 35.00 44.90 N 24.00 ' 28, b0 35- 00 
4 XU 0 23--20 31-40 41..20 P . 18ge90 23.90 31.-40 
4x8 G 21.40 28.30 38-60 H 17--20 21-90 28.90 
4x8 I 20-90 26.40 371.40 J 14-70 20-30 26, 10 
4x8 Case 9 26-90 34-10 45,.30 

The e f f e c t  of module s i z e  on panel c o s t s  is shown by Figure  5-3. 

In cases where t h e r e  a r e  two conf igura t ions  f o r  a panel  and 

module s i z e ,  the lowest c o s t  is p l o t t e d  (e, g, , types  G and I) , 

For a l l  of t h e  panel designs,  t h e r e  is a decrease i n  panel c o s t  

with inc reas ing  module s i z e  f o r  t h e  s i z e  ranges evaluated. The a 





shapes of t h e  curves i n d i c a t e  a l e v e l i n g  o f f  i n  panel  cos t  near 

t h e  1.2 by 2, 4 m (4  by 8 f t )  module s i z e ,  A previous s tudy by 

Bechtel  (Ref. 3-1) ind ica ted  t h a t  t h e  minimum cos t  8 x 16 panel 

would u t i l i z e  module s i z e s  of a p ~ r o x i m a t e l y  1.2 by 2.4 m 

( 4  by 8 f t ) .  This  t r e n d  i s  a l s o  evident  i n  t h e  p resen t  data. 

For module s i z e s  above 1.2 by 2.4 m (4 by 8 f t ) ,  t h e  th ickness  of 

t h e  g l a s s  s u p e r s t r a t e  would have t o  he increased. This  l e a d s  t o  

h igher  l i g h t  absorpt ion l o s s e s  i n  t h e  g l a s s  (see Sec t ion  4.3.1), 

which i n  t u r n  l e a d s  t o  h igher  l i f e - c y c l e  energy costs, 

Panel c o s t  decreases  w i t h  inc reas ing  module s i z e  a r e  a t t r i b u t a b l e  

t o  fewer frame members and reduced f a b r i c a t i o n  labor  a s soc ia ted  
t 

w i t h  t h e  panels  f o r  l a r g e r  modules, The amount of  assembly labor  

requi red  pe r  square meter of Fanel a r e a  inc reases  r a p i d l y  w i t h  

decreases  i n  module s i z e  and t h e  accompanying inc reases  i n  t h e  
I 

number of panel  frame members and .  modules. With panel s i z e  

cons tant ,  as t h e  number of modules increases:  the '  number of 

j o i n t s  t o  f i t  and weld inc reases ;  t h e  l i n e a l  f e e t  of g l a s s  edges 

t o  f a s t e n  increases ;  and t h e  number of modules t o  i n s t a l l  

increases .  Fur ther ,  t h e  - 1.2 meter ( 4  foo t )  long steel panel  

members f o r  support ing 0.6 by 1.2 m (2 by 4 f t )  modules are 

s t rong ly  df f e c t e d  by t h e  need *o provide a s u f f i c i e n t l y  wide 

bear ing  s u r f a c e  f o r  t h e  g lass ,  and af fec ted .  r e l a t i v e l y  s t r o n g l y  

by t h e  bending , s t r e n g t h  needed t o  span -between s u ~ p o r t  , points .  

I n  e f f e o t ,  t h e  in termedia te  members wi th in  a pariel, frame are ,  a 

s u b s t i t u t e  ( i f  needed) f o r  t h e  s t r eng th  of t h e  g l a s s  of the 
, I 

., , . . 

a modules. I f  t h e  g l a s s  s t r e n g t h  is s u f f i c i e n t  to span t h e  longer 



spans, then t h e  panel  costs can b e  lower and t h e  converse i s  

t rue ,  From t h e  panel  c o s t  poin t  of view, it i s  clear t h a t  it. is  

c o s t  e f f e c t i v e  t o  i n c r e a s e  t h e  . . g l a s s  spans t o  t h e  maximum amount 

cons i s t en t  with t h e  g l a s s  s t rength .  The c o s t  e f f e c t s  of varying 

g l a s s  th icknesses  and . t h e  s e l e c t i o n  of g l a s s  th icknesses  f o r  

var ious  module a reas  are d iscussed  i n  Sect ion  4, 1.. 1. 

F igure  5-3 a l s o  shows t h a t  in termedia te  supported panels  are 
I ,  I 

genera l ly  lower i n  c o s t  t h a n  are end supported panels, The 
1 

reason i s  t h a t  the in te rmedia te  support  a l lows a r educ t ion  i n  

moment which i n  t u r n  allows a reduct ion  i n  f l ange  a r e a  o f  t h e  

support  member and weight, T h i s  c o s t  reduct ion  i s  i n  t h e  range 

of 15 t o  25 percent. That range i s  s u f f i c i e n t  t o  j u s t i f y  f u r t h e r  

cons idera t ion  of  t h e  in te rmedia te  supported panels d e s p i t e  l+e 

disadvantages previously c i t e d  and some l i m i t a t i o n s  i n  the, 

modified equiva lent  , f l a n g e  method used f o r  determining t h e  

r equ i red  steel q u a n t i t i e s -  

' % 

Analyses of s . t ruc tu ra1  . members w i t h  in termedia te  supports .  

t y p i c a l l y  show. t h a t  t h e  a n a l y t i c a l  r e s u l t s  vary widely with t h e  

assumptions a s  t o  t y p e  of loading and l o c a t i o n  of support. The 

analyses  for t h e s e  pane l s  are no exception, One reason is t h a t  

t h e  moment peaks sharply  a t  t h e  in termedia te  support, I f  t h e  

load  assumptions d i f f e r  from t h e  real condi t ion,  f o r  example, 

with t h e  changes i n  c e n t e r  of  pressure  due t o  wind and l a r g e  

module de f l ec t ions ,  moments can be s i g n i f i c a n t l y  d i f f e r e n t ,  from. 

those. ca lcu la ted  assuming uniform panel loading. Typical ly ,  



bui ld ing  and br idge  des igners  compensate f o r  t h i s  unce r t a in ty  by 

p a t t e r n  loading  assumptions t h a t  determine t h e  more adverse of 

var ious load ing  assumptions and, accordingly,  s i z e  t h e  member f o r  

those  load condi t ions .  That t y p i c a l ' p r a c t i e e  was n o t  followed 

under t h e  assumption of ' uniform loading  used in t h i s  study. 

~at&r optimizat ion . of panel designs should t a k e  nonuniform . 

l oad ing  i n t o  account. Further ,  t o  ' t a k e  advantage of  t h e  lower 

moments f o r  in termedia te  supports ,  t h e  support  l o c a t i o n  must be 

s e l e c t e d  'independently from t h e  module edge loca t ions .  The 

reversed bending of  t h e  module a t  t h e  support  l o c a t i o n  can d.if f e r .  

'from t h e  simply supported assumptians made f o r  determining module 

g l a s s  th ickness  requirements and as a r e s u l t ,  premature co rne r  

breakage of modules i s  possible .  Also, t h e  equ iva len t  f l ange  

a rea  method, used f o r  s i z i n g  p a n e l . s t r u c t u r a 1  members, assumes 

t h a t  t h e  web a reas  of beams are a cons tant  percentage of t h e  

f l a n g e  areas .  . A s  t h e  f l ange  a r e a  decreases  s o  does t h e  w e b  area. 

A s  a consequence, the l i g h t e r  beams, i f  uns t i f fened,  may have 

webb t h a t  a r e  s e n s i t i v e  t o  web c r i p p l i n g  ( e m  , e l a s t i c  

i n s t a b i l i t y  o f  por t ions  of  the web a t p o i n t s  of load o r  r e a c t i o n  

concentrat ion)  . Because of t h e  above: reasons,  , .  t h e  r e l a t i v e  c o s t s  
. . 

. .  . I '  

of in termedia te  supported panels  ;may . .+crease, ' r a t h e r  than 
. . .  

decrease ' with f u r t h e r  s t u d i e s  which, consider  more c l o s e l y  t h e  
. . 

e f f e c t  of v a r i a t i o n s  i n  loads,  t h e  e f f e c t  of t h e  reversed  

curvature of t h e  member o n  the,  module, and'web c r i p p l i n g  of 
. .. 

members where t h e  member is not. s t i f f e n e d  . ,  . (a t  t h e  support  

loca t ion)  by t h e  connections for .  cross-members . e .  use,d t o  s u & ~ o r . t  

modules on t h e  panel. . . 



Figure 's-3 shows t h a t ;  i n  genera l ,  t h e  1.2 by 2.4 m (4  by 8 f t )  

panels  a r e  less c o s t l y  o n .  a $/m2 b a s i s  than t h e  2.4 by 4.8 m 

(8 by 16 f t )  !panels. However, t h e  comparison of .panels can -not 

e n t i r e l y  neg lec t  t h e  c o s t s  o f t  t h e  a s soc ia ted  .arrays. A s  shownain 

Sect ion 7.1, combining t h e  panel and a r r a y  c o s t s  t e n d s  t o  l e s s e n  

cost d i f ferences .  Resu l t s  of  another  Bechtel  study (Ref.. 3-2) 

showed t h a t  use  of 1 . 2 by 2.4 .m.k(YL,by 8 f t )  pane l s  a c t u a l l y  lead  

t o  h igher  t o t a l  a r r a y  costs. However, t h a t  s tudy compared 

1.2 b y 2 . 4 m  ( 4  by 8 f t )  and 2.4 by .4 .8m (8 by 16 f t )  panel 

conf igura t ions  i n  which each panel formed an array.. s t r u c t u r e  

( t h i s  i s  similar t o  Case 9 (see Sect ion  6.2.9). except  t h a t  t h e  

long edges of t h e  panels  are hor izon ta l ) .  The 1.2 x 2.4 ~ r n  

( 4  x 8 f t )  panel  conf igura t ion  s tud ied  i n  Reference 3-2 

considered mounting o n e .  such panel  a t  a . time : on t h e  a r r a y  

foundation. The: n e t  result  was t h a t  l a b o r  oosts . involved 

r e s u l t e d  i n  t h e  higher t o t a l  i n s t a l l e d  c o s t  f o r  t h e  smaller panel 

configurat ion.  Combining t h e  results of t h a t  s tudy .with t h e  

results: of t h i s  study l eads  t o  t h e  conclusion t h a t  cost i  e f f e c t i v e  

use o f  the. 1.2 by 2.4 m (4 by 8 f t )  p a n e l s  requioes t h a t  several 

panels  .be mounted on each a r r a y  structure (e. g., see Figure  6-7) 

as opposed t o  having -one small sane1 wr a r r a y  a8 , s tud ied  i n  

Reference 3-2. - . . 

The designs f o r  t h e  panels  could b e n e f i t  from optimization. 

Fifty-seven panels  were designed, and opt imizat ion of each design 

was considered o u t s i d e  t h e  scope of  this study,  as well as 

i n e f f e c t i v e  u n t i l  t h e  major cost d r i v e r s  were iden t i f i ed .  The 



panel des igns  were, all made on a c o n s i s t e n t  bas i s ,  so t h a t  t h e  

r e l a t i v e  d i f f e r e n c e s  between t h e  des igns  a r e  . meaningful , u n l e s s  

they  are s o  small  a s  t o  be of  the same o r d e r , o f  accuracy as 

t runca t ion  , e f f e c t s  on design c a l c u l a t i o n s  a n d  t h e  .accuracy of. 

c o s t  es t imation.  

5.6 A CURVED GLASS SUEERSTRATE PANEL e .  

The r e s u l t s  of t h e  computer a n a l y s i s  o f  a curved g l a s s  

s u p e r s t r a t e  module i n d i c a t e  t h i s  concept i s  a s t r u c t u r a l l y  v i a b l e  

design (see Section 4.3- 2). *The c o s t s  o f  tlhe support  c l i p s  and 

o t h e r  items must be added t o  t h e  c o s t  of t h e  module t o  fohn t h e  

panel cos t .  . Further engineering e f f o r t s  are s t i l l  requ i red  t o  
~ ~ adequately spec i fy  t h e  c l ip /gaske t  design. However, in. o r d e r  t o  I I 

allow a prel iminary c o s t  comparison t o  be made with t h e  

conventional designs t h a t  were evaluated i n  d e t a i l ,  a l igh twe igh t  

steel, roll-formed s e c t i o n  i s  assumed f o r  t h e  c l i p .  Gasket c o s t s  

~ are est imated a t  the same c o s t  : p e r  f o o t .  used f o r -  t h e  o t h e r  

1 panels. i A budgetary estimate from a g l a s s  s u p p l i e r  i n d i c a t e s  

I t h a t  t h e r e  w i l l  be a 30 to  35 pe rcen t  premium f o r  curving .the 

g l a s s  (assumed t o  be 3.2 millimeters (0- 125 inch), th i ck ,  

tempered, 0- 0 5  percent  i ron ,  drawn glass)  Inspect ion of t h e  

module/panel conf igura t ion  shown i n  Figure 4- 21 shows t h a t  t h e  

1-2 ,by 2.4 m ( 4  by 8 .ft) g l a s s  s u p e r s t r a t e  holding t h e .  s o l a r  

cells is supported a t  four  p o i n t s  by c l i p s  fas tened t o  a n - a r r a y  I 
sf ruc ture .  The need t o  provide ind iv idua l  ground connections f o r  

the four .  0.3 meter (12 inch)  steel c l i p  segments b o l t e d  t o  a 



grounded a r r ay  s t r u c t u r e  i s  n& c l e a r ,  bu t  i n  order  t o  make 

comparisons equi table ,  t h e  cost of a s i n g l e  p a i r  of ground 

connectors is included. The *base module c o s t  i s  t h a t  shown i n  

Table 4-1. Table 5-23 presents  t h e  est imated c o s t s  of a curved 

g l a s s  s u p e r s t r a t e  panel. Only one column of c o s t  d a t a  is 

presented i n  t h i s  t a b l e  because t h e  design would be adequate f o r  

: all . loadings evaluated herein. It i s  'assumed t h a t  "a'e'c1ips are 

purchased a s  a f ab r i c a t ed  i t e m ;  thus,  t h e r e  i s  no frame 

f ab r i ca t i on  l a b o r  fox t h i s  design. The c o s t  of i n s t a l l i n g  these  

c l i p s  on a module is shown as assembly labor.  Ext rapola t ion  of 

the computer analyses of t h e  annealed g l a s s  i nd i ca t e  t h a t  a 

3.2 mil l imeter  ( 0 -  125 inch) th ick ,  tempered, curved sheet of 

g l a s s  w i l l  resist uniform loadings up to 3.6 WPa (75 ps f ) .  
, 

Calcu la t ions  i n d i c a t e  t h a t  it may be poss ib le  t o  reduce c o s t s  fiy 

using' annealed g l a s s  ins tead  of tempered, b u t  t h e  g l a s s  supp l i e r  

r e c o d e n d s  aga in s t  doing thie , .  



. - 
TABLE 5-23 . .. 

.' 
CURVED GLASS PANEL COST ESTIMATE ( 1975 $/m2) 

( c l i p  supported,  1-2m x 2. 4m (48x8') panel,  
1.2m x 2.4m (4'x8') modulej 

Premium f o r  Curved Glass 
Steel Frame (i. e. , Clips)  

Material 
, G a l v h i z i n g  . '  

,Fabr ica t ion  Labor 
~ a s k e t  . 
Ground Connectors 
Assembly Labor 
Fre ight  
Jnsrtallation.. D i rec t  Labox 
PANEL SUBTOTAL , 

Module 
PANEL TOTAL " .  

Cost 
tall foadsl  

I n  comparison with t h e  panel  c o s t s  previously developed (see 

Table 5-22), it can be seen t h a t  t h e  est imated cost of #is 

"paneltt,, without t h e  module c o s t ,  is approximately h a l f  t h a t  of 

t h e  lowest c o s t  panel t y p e  a t  1 .'7 kPa (35'-psf)" and a t h i r d  t h e  

%os t  a t  3-6 kPa (75 p s f )  Fur ther ,  it i s  a n t i c i p a t e d  t h a t  

manufacturing t o l e r a n c e s  on g l a s s  dimensions would be less 

s t r i n g e n t  than  with convent ional  panel concepts  where t h e  g l a s s  

p l a t e s  must f i t  the panel frame.. For t h e  curved g l a s s  module, 

such dimensional e r r o r s  could be accommodated in mounting t h e  

panel on t h e  array.  Thus, it i s  recommended t h a t  t h i s  concept be - 
pursued f u r t h e r  t o  determine whether t h e  t o t a l  c o s t  of t h e  panel 

and a r r a y  s t r u c t u r e ,  inc luding  foundations, is lower t h a n  t h e  

o t h e r  cases  f u l l y  evaluated i n  t h i s  study. 
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Sect ion  6 

ARRAY STRUCTURE AND FOUNDATION DESIGN 

This  s e c t i o n  p resen t s  a d i scuss ian  of a r r a y  s t r u c t u r e  and 

foundat ion design. Sec t ion  6.1 lists t h e  a r ray  des ign  bases. 

Sec t ion  6.2 p resen t s  details and c o s t s  f o r  t h e  n i n e  a l t e r n a t e  

a r r a y  conf igura t ions  evaluated.  Resu l t s  of t h e  a r r a y  s t r u c t u r e  

and foundat ion design e f f o r t  are compared and summarized i n  

Sec t ion  6.3. The a r r a y  conf igura t ion  c o s t s  and panel s t r u c t u r a l  

c o s t s  (developed i n  Sect ion  5) are combined i n  Sec t ion  7. 

6.1 DESIGN BASES 

T h i s  s e c t i o n  lists , t h e  requirements,  adopted conventions, and 

o t h e r  bases  p e r t i n e n t  t o  t h e  design of Me a r r a y s  and t h e  

es t ima t ion  of t h e i r  costs .  General cost bases  a r e  discussed i n  

Sect ion  2.2. 

The fol lowing requirements a r e  incorporated i n t o  t h e  study: 

The n i n e  a r r a y  conf igura t ions  evaluated h e r e i n  were 
evolved thr.ough a c o l l a b o r a t i v e  e f f o r t  between JPL and 
Bechtel.  his number of conf igura t ions ,  permuted with 
t h e  load range,. appeared l a r g e  enough t o  al low . d e t e c t i o n  
o f  major c o s t  d r ive r s .  

Loads a re  normal t o  t h e  s o l a r  c o l l e c t o r  s u r f a c e s  i n  both 
. .  . upward and downward d i r e c t i o n s .  



Three loads  are considered,: 1.7, 2.4, and 3- 6 kPa (35, 
50, and 75 psf ) This requi red  load  range appeared 
s u f f i c i e n t l y  wide t o  a s s u r e  t h a t  major load c o s t  d r i v e r s  
would be i d e n t i f i e d  by t h e  study. The 3-6 kPa (75 psf )  
load  is, most l i k e l y ,  o u t s i d e  of the range f o r  a c t u a l  
a r r a y  des igns  i f  t h e  dominant load is wind. I f  
t r a n s l a t e d  s o l e l y  t o  wind ye loc i ty ,  t h e  3 - 6  kPa (75 ps f )  
l o a d  i s  a f a s t e s t  mile 'of  wind on t h e  order  of 72 t o  
76 meters per  second (160 t o  170 mph) - It could a l s o  

I result from a lower v e l o c i t y  wind, where t h e  air hit 
weight i s  h igher  than  normal due to  d i r t ,  'sand, o r  o t h e r  
a i r b o r n e  contaminants or  from lower v e l o c i t y  winds with 
a l a r g e  gus t ing  f a c t o r -  

* ' The loads  are t o  be considered a s  combined l i v e  loads  
and dead loads  with no d i f f e r e n t i a t i o n  between t h e  two- 
This requirement,  toge the r  w i t h  t h e  load d i re i r t ion  
requirement, t ends  t o  overemphasize l i f t  and . drag  
forces .  However, f o r  t h e s e  ' a r ray  .desighs,  t h e  
s u p e r s t r u c t u r e  weight r square foo t  i s  r e l a t i v e l y  
smal l  compared t o  t h e  1.7, 2.4, and 3..6 kPa (35, 50, and 
75 psf ) requi red  load magnitudes. Consequently, major 
c o s t  d r i v e r s  'are no t  l i k e l y  t o  be ob'sclired by t h i s  

. . combined load requirement.. . . . %. 

Uniform Building Code (UBC) 1976 Edit ion,  Class 3 site 
s o i l  m a t e r i a l s  are t o  be assumed. Class  3 materials a r e  
cha rac te r i zed  by t h e  UEC a s  sandy g rave l  t o  gravel.  -The - 
soil load  r e s i s t a n c e  values s p e c i f i e d  by t h e  UBC f o r  t h e  
c l a s s  a r e  n e i t h e r  t h e  h ighes t  nor t h e  lowest t h a t  t h e  
UBC s p e c i f i e s .  The values are: 96 kPa (2000 psf)  
bear ing  p r e s s u r e  downward, 9-6 kPa (200 psf)  l a t e r a l  
bear ing  pressure,  and a s l i d i n g  - r e s i s t a n c e  c o e f f i c i e n t -  
of  0- 35. Inc reases  i n  t h e  values are permit ted fo r7 '  
increased  depths below grade by step f u n c t i o n  
statements.  The values lare considered reasonable f o r  ' 

/ 
e s t a b l i s h i n g  cons\istency f o r  study design work. A s  
d iscussed  later, a s i t e  s o i l s  i n v e s t i g a t i o n  is  
considered advis  ah le  f o r  f i n a l  opt imizat ion.  

< '  

The v e r t i c a l  d i s t a n c e  k t w e e n  grade and t h e  p a n e l ' s  
lower edge is requ i red  t o  be two feet i n  o rde r  t o  avoid 
r a i n  s p l ' a t t e r  of  s o i l  onto t h e  modules. 

A 35O l a t i t u d e  a r r a y  tilt angle was used f o r  t h i s  s tudy 
and i s  implied i n  f u r t h e r  d i scuss ions  un less  otherwise 
s t a t e d -  

* The cons t ruc t ion  mate r i a l s  are t o  be concre te  f o r  
foundations and steel for t h e  supers t ruc ture-  



Assum~t ions  And Conventions 

 he foundation design methods .and equations are those  
s p e c i f i e d  and permit ted by t h e  UBC, T h i s  convention was 
adopted t o  a s s u r e  cons is tency between the UBC 
 allowab able's^ and the methods f o r  p r e d i c t i n g  values f o r  

' comparison with t h e '  al lowables . 
Commercially a v a i l a b l e  s t e e i  .shapes were se lec ted ,  This  
convention was adopted t o  assure  t h e  g r e a t e r  c o s t  
e s t ima t ing  r e l i a b i l i t y  usua l ly  poss ib le  with a wide kase 
pr ic , ing system. A s  descr ibed later,  t h e  convention w a s  
departed from when it was obvious t h a t  t h e  s e l e c t i o n  of 
a commercially a v a i l a b l e  steel shape most c l o s e l y  
s a t i s f y i n g  t h e  need would s i g n i f i c a n t l y  i n f l u e n c e  t h e  
r e s u l t s  of i n t e r c a s e  comparisons. Since t h i s  s tudy was 
intended as a sc reen  t o .  deter,mine major c o s t  d r i v e r s ,  it 
was assumed t h a t  any l a t e r  opt imiza t ion  of t h e  a r r a y s  
would inc lude  d e t a i l e d  c a l c u l a t i o n s  t o  r e f i n e  t h e  
s p e c i f i c  m e m b e r  dimensions- 

Simply supported end cond i t ions  a r e  assumed f o r  
connections between members, Later  opt imiza t ions  may 
show t h a t  moment connections are more c o s t  e f f e c t i v e ,  
However, moment connect ions a r e  usua l ly  c o s t  e f f e c t i v e  
only  when t h e  connection c o s t s  are a small p a r t  of t h e  
to t a l  c o s t  (e-g., t h e  material cost f o r  long steel 
members with a l a r g e  weight pe r  f o o t  i s  much h igher  than  
t h e  c o s t  of connecting such members), 

The panel s t r e n g t h  i s  not  r e l i e d  on t o  brace the a r r a y  
on t h e  basis t h a t  a r r a y  s t r u c t u r e  and panels  are e r e c t e d  
and i n s t a l l e d  during two d i f f e r e n t  time periods,  An 
except ion is Case 9 whose concept r e q u i r e s  a s t r u c t u r e ,  
complete with a t t ached  panels ,  t o  be e r e c t e d  on 
preprepared foundations,  A l l  requi red  bracing i s  
included,  although n o t  shown s p e c i f i c a l l y  on t h e  a r r a y  
ske tches  i n  t h i s  sec t ion ,  

Al l  owable stresses, design methods, and equat ions  
s p e c i f i e d  by t h e  American I n s t i t u t e  o f  Steel 
Construct ion (AISC) code a r e  adopted. An except ion i s  
t h e  adoption of t h e  American Metal Manufacturers 
Associat ion (AMMA) s p e c i f i e d  d e f l e c t i o n  f o r  metal  
members t h a t  d i r e c t l y  support  g la s s .  I m p l i c i t  i n  T h i s  
experimental  and experience based s p e c i f i c a t i o n  i s  t h e  
assumption t h a t  t h e  g l a s s  i s  supported by an e las tomer  
and does no t  bear  d i r e c t l y  on t h e  m e t a l  support  member. 
The adoption of thkse  conventions w a s  made f o r  .* 
cons is tency throughout  . t h e  study and with accepted 
p r a c t i c e s  f o r  t h e  ma te r i a l s  used. One except ion,  of a 
judgmental na tu re ,  was 'a - r e s t r i c t i o n  of t h e  s lenderness  

r .  



r a t i o  (L/r)  t o  less than  ' .  o r  * equal  t o  . 120 , f o r  
can t i l eve red  p o s t s  whose f r e e .  ends a r e  n o t  guided. 
I 

A s  a convention, American Concrete I n s t i t u t e  ' Code 
requirements were adopted - 5or ooncrete  foundat ion '  
members. 

6. 1.3 Cost Bases 

The a r r a y  s t r u c t u r e  and foundation c o s t s  are presented  in 1975 
.- . 

d o l l a r s  and a r e  normalized to d o l l a r s  per  square  meter of t o t a l  

module s u r f a c e  area.  

These costs inc lude  sh ipping  and i n s t a l l a t i o n ,  Also, the steel 

c o s t s  inc lude  t h e  cost of galvanizing t o  p r o t e c t  t h e  steel and 
. .. . 

the foundation c o s t s  inc lude  t h e  c o s t  of excavat ing and 

b a c k f i l l i n g  t r e n c h e s  f o r  t h e  foundations. Costs f o r  c l e a r i n g  and 

grading t h e  s i t e  are excluded, Also excluded a r e  t h e  c o s t s  of  

d i s t r i b u t a b l e s ,  engineering,  and contingency,. Thus, t h e s e  c o s t s  

a r e  e s s e n t i a l l y  . d i r e c t  f i e l d  cos ts .  

6 . 2  ARRAY CONFIGURATICNS 

1 '  

This  sec t ion  p resen t s  des ign  d e t a i l s  and c o s t  d a t a  f o r  n i n e  a r r a y  

conf igura t ion  cases. A design f o r  each of .the cases was .. . '  . . , . - .  

developed f o r  *I. 7 kPa (35 psf )  ,. *2.4 .kPa, (50 p s i )  , and k3.6 w a  . . : i ' : 2 

(75 ps f )  loading. The c o s t  data presented are f o r  the foundation 

and, except f o r  Case 9, t h e  support  s t r u c t u r e ;  pane l :  and module 
\ , - 

i 

c o s t s  are excluded. Array s t r u c t u r e ,  foundation, and panel c o s t s  
w 

are combined i n  Sect ion 7. 



A s  , has  . been discussed previously,  t h e r e  are s e v e r a l .  spurces  of 
* '  . ,  , . . ! 

inaccurac ies  ' t h a t  arise i n  a comparison study such as this one. 
. , . - t. 

These include: inaccurac ies  d u e - t o  engineering approximations and 

subsequent u t i l i z a t i o n  of a v a i l a b l e  non-optimized s t r u c t u r a l  

shapes, and c o s t  e s t ima t ion  inaccurac ies  due t o  t h e  

u n a v a i l a b i l i t y  of da ta  on s i m i l a r  cons t ruc t ion  p r o j e c t s  and t h e i r  

h i s t o r i c a l  cos t s .  These inaccurac ies  a r e  inhe ren t  i n  t h e  c o s t  

d a t a  presented in t h e  following sec t ions .  

I n  t h e  f i g u r e s  f o r  each case ,  t h e  proport ions of  t h e  foundations 

a r e  shown f o r  t h e  f2.4 kPa (50 psf)  load. 

. . 

6.2.1 C a s e  1 Desisn 
. . . . 

The conf igura t ion  of t h e  Case 1 a r r a y  design is i l l u s t r a t e d  by 

Figure 6-1. This case  i s  one of  three having an 2.4 meter 
. ' . .  

(8 foo t )  s l a n t  he ight  and one of f i v e  having 1.2 by.2.4 m 

( 4  by 8 f t )  panels. 

. "  . 

The s&nply supported back g i r d e r s  (i.e., t h e  h o r i z o n t a l  a r ray  

s t r u c t u r e  element) are a l l  s p e c i a l l y  designed steel inembers using 

folded 'gage metal plate.. Commercially a v a i l a b l e  steel shapes aie 

genera l ly  designed f o r  l a r g e r  loads  than  w e r e  ca lcu la ted  f o r  t h e  
i 1 .. * < . .i , .. . 

4.8 meter ' ( 16 f o o t )  span i n  t h i s  s tudy.  The conuner~'ia1ly 
, . .  , . . 

a v a i l a b l e  shapes had e i t h e r  g r e a t e r  than needed shea r  s t r e n g t h  
,.. 

(and co&equently g r e a t e r  than. needed weight p e r  f o o t )  o r  an 
! .' - ,  

adequate shear  and moment s t r e n g t h  but  l a r g e  c a l c u l a t e d  
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def lec t ions .  The s p e c i f i c a l l y  designed shapes a r e  no t  considered 

optimum but 'do have a b e t t e r  balance f o r  t h e s e  loads between 

shear  and moment r e s i s t a n c e  t h a n  d o  commercially a v a i l a b l e  

shapes. Shapes considered inc lude  wide flanges,  bar j o i s t s ,  

s t r u c t u r a l  tube,  pipe,  and gage metal  jo i s t s .  A s  a class, bar 

j o i s t s  and gage metal s tuds  have a moment of i n e r t i a  (I) about . 

t h e  minor a x i s  t h a t  is  q u i t e  small compared to  t h e  I about t h e  -. 
major ax is .  Further ,  t h e  major a x i s  cannot  be e f f i c i e n t l y  

located v e r t i c a l l y ,  s i n c e  t h e  load i s  app l i ed  to  t h e  backbeam i n  

a d i r e c t i o n  t h a t  i s  3S0 from v e r t i c a l -  The bar j o i s t s  and gage 

metal jo is ts  wi th  t h e  minor axis 350 from v e r t i c a l  t end  t o  sag  i n  

t h e  v e r t i c a l  d i r e c t i o n  due t o  o u t  of  p lane  loads. To c o r r e c t  

t h i s ,  the spec ia l .  s e c t i o n s  designed were r ec tangu la r  tubes,  wi th  

perforated webs, whose r a t i o  o f  major to minor moments -of i n e r t i a  

was c l o s e r  t o  one as is normally requi red  f o r  s t r u c t u r a l  m e m b e r s  

with loads  i n  t h r e e  d i rec t ions .  ( T h i s  rat io is not provided by 

commercially a v a i l a b l e  j o i s t s . )  The back and f r o n t  p o s t s  f o r  

this case are both l igh twe igh t  wide f lange  commercially a v a i l a b l e  

shapes and are s u i t a b l e  f o r  . t h e  f1.7 kPa (35 p s f )  , f2,4 *a 

(50 p s f ) ,  and k3.6 kPa (75 ps f )  loadings evaluated.  

The general  conf igura t ion  o f  foundat ions f o r  this case  are shown 

i n  Figure 6-1. The foundation s i z e  changes w i t h  loading. The 
I r r  E ;  

. . 

l oda t ion  and o r i e n t a t i o n  o f  t h e  foundations with r e s p e c t  t o  t h e  

major appl ied loads  maximize t h e  foundation r e s i s t a n c e  t o  

over turn ing  moments, e s p e c i a l l y  f o r  t h e  can t i l eve red  back posts.  
I Attempts . t o  design s e p a r a t e  fouridations f o r  t h e  back pos t s  and 

a , . 



f r o n t  posts,  with t h e  long foundation d imns ion  t o  

t h e  north-south d i rec t ion ,  resu l ted  in the  add i t ion  of more 

concrete than needed f o r  , t h e  foundations shown, and w a s  not  

considered fur ther .  . 
.I , 

. . . . .  

1 
s.. , 

Figure 6-2 shows t h e  i n s t a l l e d  cos t s  f o r  t h e  a r ray  supers t ructure  

and foundations fo r  t h e .  C a s e  1  design as a  function of loading. 
. . 

A s  discussed i n  Section. 6.1.. 3, these  cos t s  a r e  i n  terms of 1915 

d o l l a r s  and a r e  normalized ' t o  d o l l a r s  per square meter. 

6-2.2 C a s e  2 Desian 

The ar ray supers t ructure  and foundation configurat ion f o r  t h e  

Case 2 design is  i l l u s t r a t e d  i n  Figure 6-3, This case includes a 

2.4 meter (8 foot)  s l a n t  height ,  1, 2 by 2.4 m (4  by 8 f t )  panel, 

and a  2.4 meter (8 foot)  span between t h e  posts. The 

can t i l ive red  g i rder  sec t ions  a r e  not  connected t o  adjacent  ar ray 

s t ruc tu re s  . 
..!' 

The problem of f inding a  s u i t a b l e  commercially ava i lab le  steel. 

back (horizontal) g i rde r  , shape f o r  t h i s  case w e r e  greater  :than 

f o r  Case 1 due primarily t o  t h e  smaller t o t a l  load imposed on t h e  

sho r t e r  spans which r e s u l t s  i n  both smaller moments and shears,  
. .  , . ' -  I .  

The steel supers t ructure  cos t s  f o r  Case ' 2  dropped', pr imari ly due 

t o  t h e  lower tonnage of  steel f o r  t h e  back and f r o n t  g i r d e r s  as  

compared t o  .Case 1. ~ i e '  number of back and f r o n t  pos t s  in&ased 
I 

f o r  t h i s  case, a s  compared t o  Case 1, in t h e  r a t i o  of 2n/ (n+ 1) , 
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where n i s  t h e  number of  side-by-side panels  i n  a row (60 i n  t h i s  

case). The back and f r o n t  ~ o s t s  tend t o  use . steel l e s s  

e f f i c i e n t l y  than  does Case 1 because although t h e  a x i a l  and 
I ,  . .. 

bending. loads &k smaller  f o r  - .  ' c a s e  2, t h e  s lenderness '  r a t i o  
. . 

' 1 requirements a r e  t h e  same f o r  b o t h  cases.. I 

- i 

\ .  
The.' number of  foundations ' f o r  Case 2 i s  g r ea t e r  than  f o r c a k e  1 

by t he '  r a t i o  of 2h/ (n+l) . However, t he  t o t a l  weight, and cGbi,c 

yards  of concrete  a r e  almost t h e  same, s i nce  t h e  product of load 
I 

times a r r a y  a r e a  is t h e  same f o r  both cases.  ~ i f f e r e n c e s  i n  

est imated foundation q u a n t i t i e s  betweeh Cases 1 ' and 2 r e s u l t  
t 

pr imar i ly  from smal l  d i f ferences ,  i n  r e s i s t a n c e  t o  l a t e r a l  

movement provided by l a t e r a l  bearing of t h e  s o i l  f o r  t h e  smal ler  

foundations. 
f 

One i t e m  noted f o r  Case 2 i s  t h a t  the r a t i o  of steel surface a r ea  
8 .  

t o  steel weight is  l a r g e r  than f o r  Case 1 due, general ly,  t o  t h e  

th inner  .: mater ia l  requi red  f o r  m e m b e r s  of t h e  same depth. This 

i nc r ea se s  both -the need f o r  corrosion p ro tec t ion  f o r  this case  
i > . . 7 5 .:-v. ;+ , . 

(because of t h e  th inner  steel) and inc reases  t h e  r e l a t i v e  su r face  

a r ea  t o  be protec ted  by t h e  galvanized coat ing se lec ted .  

The est imated c o s t s  f o r  t h e  Case 2 design a r e  presented i n  Figure  



., . 

6.2.3 C a s e  3 ~ e s i s n  . * 

The conf igura t ion  of t h e  Case 3 a r r a y  supers t ruc tu re  and 

'foundations i s  presented in Figure 6-5. A s  f o r  C a s e s  1 and 2,  

t h i s  design i s  f o r  a 2.4 meter (8 foo t )  s l a n t  he ight  and 

1.2 by 2.4 m ( 4  by 8 f t )  f o o t  panels.  

. 
The s u p e r s t r u c t u r e  back p o s t s  are s h o r t e r  and more e f f i c i e n t ,  

when r a t e d  by fo rce /a rea  r a t i o ,  than f o r  e i t h e r  Cases 1 o r  2- 

Girder spans f o r  Case 3 are i d e n t i c a l  t o  those  f o r  Case 1 b u t  t h e  

loads on t h e  span are grea ter .  Although t h e  tonnage of steel far 

t h e  back beams i s  l a r g e r  f o r  ~ i s i i ' ' 3  t h a n  f o r  C a s e  1, t h e  i n c r e a s e  
, .  : *; .; L. 8 ;' 

;?.. , "',:i. 

is c&mp&sated fo r  by a decrease  in t h e  tonnage* f o r  t h e  t ack  

posts. A s  a consequence, t h e  est imated c o s t s  f o r  the C a s e  3 

supers t ruc tu re  i s  c l o s e  t o ,  but  about midway between, those  f o r  

cases 1 and 2. A t  2.4 kPa (50 psf )  loading, t h e  d i f f e r e n c e s  

between s u p e r s t r u c t u r e  c o s t s  * f o r  Cases 1, 2, and 3 a r e  about 

f10 percent  of t h e  average es t imated  c o s t s  f o r  t h e  three cases. 

Some of t h e  c o s t  d i f f e r e n c e s  between t h e  cases  may be due t o  

c a l c u l a t i o n a l  inaccurac ies  r a t h e r  t h a n  a d i f f e r e n c e  due t o  

chapges i n  the superstructures .  

Differences i n  foundation c o s t s  between Cases 1, 2, and 3 are 

only about k5 percent  of t h e  average a t  2.4 kPa (50 psf) . A s "  f o r  

t h e  supers t ruc tu re ,  Case 3 c o s t s  are between C a s e  1 and C a s e  2 

but  c l o s e r  t o  Case 1. C a s e  1 and Case 3 foundation c o s t s  are 
' 0  

v i r t u a l l y  i d e n t i c a l ,  being wi th in  3 p r c e n t  of each other .  Since 
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the t o t a l  foundation loads and number of foundations f o r  Case 3 

are t h e  same as  . f o r  Case 1, t h e  c lose ly  equivalent  foundation 

c o s t s  are t o  be expected. 

The es t imated  c o s t s  f o r  t h e  Case 3 a r r a y  design arg presented i n  
I 
I 

Figure 6-6. . _  

,. , 

6.2.4 Spae 4 Desfcm ' ' , A  

. . to  

Case 4 is  comprised of 1..2 by 2.4 m ( 4 '  by 8 f t )  pane l s  and a 
,: 

4.8 meter (16 foot )  s l a n t  he ight  a s  i l l u s t r a t e d  ',in Figure 6-7. 
. *  . . 

. . 

' 
From a t o t a l  load  viewpoint, t h i s  case i s  i d e n t i c a l  t o  C a s e  1 

because t h e  loaded a reas  per s u p e r s t r u c t u r e  frame are. i d e n t i c a l .  

The s i d e r a i l s  (bedha) f o r  case' 4 are t h e  e 'quivalent of t h e  f r o n t  

and back g i r d e r s  o f  Case 1 except  t h a t  t h e  s i d e r a i l s  (beams) are 

subjected t o  both f l e x u r a l  and a x i a l  loads. 

, . 
. . 

Estimated s t e e l  c o s t s  f o r  Case 4 ' a r e  v i r k a l l y  i d e n t i c a l  t o  

Case 1 , , a t  .2,4' kPa (50 ps f )  and 3.6 kPa (75 psf) . Since the .I back 
. . .,.. . , 

l egs  a r e  longer  than f o r  Case 1 and t h e  s,iderails (beams) would 

b race  t h e  backposts i n  t h e  north-south d i rec t ion ,  t h e  back p o s t s  

were designed as p in  ended columns'with added east-west bracing. 

The permissible  value of ' s lenderness  rat io was, accordingly,  

l a r g e r  f o r  Case 4 than  f o r  t h e  c a n t i l e v e r e d  pos ts  of Case. 1.. 



Figure 6.7 ' CASE 4 ARRAY CONFIGURATION 

TOTAL 

FOUNDATION. 

8TRUCTURE 

>'. 

0 

. . i.: 

2 3 I KPA , 
I I 

sb dD 8 h 
<. . ab ? 8 ~  

. . 
LOADING ' 

Flgun 6 0  CASE 4 ARRAY COST VERSUS LOADINQ 

126 



Foundation c o s t s  f o r  Case 4 a r e  est imated to b e  v i r t u a l l y  

i d e n t i c a l  t o  those  f o r  Case 1, showing t h a t  common paraineters 

dominated t h e i r  costs.  Those coxnmon parameters were l o a d  . a rea ,  

and t h e  need t o  provide s u f f i c i e n t  concre te  ' mass to prevent  

u p l i f t .  and side motion o f  the"array.  , . 

Case 4 est imated ' c o s t s  a r e  presented i n  F igure  6-8. 

6.2.5 - Case 5 Desicm 

The conf igura t ion  o f  t h e  Case 5 design is shown i n  Figure 6-9. 

T h i s  design i s  f o r  2.4 by 4.8 m (8 by 16 f t )  pane l s  and a 
t 

4.8 mete;(l6 foo t )  s l a n t  height .  .. 

Cases 4 and 5 a r e  similar from a loaded area viewpoint. However, 

-Case 5 s u p e r s t r u c t u r e  c o s t s  . , a r e  lower than  f o r  Case 4. The 

reason f o r  t h i s  is  t h a t  t h e  siderails (beams)' equ iva len t  f o r  

4 are, .  f o r  C a s e  5, a p a r t  o f  t h e  ,panel  c o s t s  i n s t e a d  of t h e  
. - 

superstructuEe cos ts . .  The . major design d i f f e r e n c e  is t h a t  t h e  

' pos t s  f o r  Case 4 a r e  designed a s  upr igh t  c a n t i l e v e r s  r a t h e r  t h a n  
I ' 

p i n  ended braced columns. 

Foundation c o s t s  f o r  Case 5 are about 10 percent  higher than  f o r  

Case 4, p a r t l y  because of the g r e a t e r  moment c rea ted  by, t h e  

c a n t i l i v e r e d  p o s t s  of Case 5 which does n o t  have a s i d e r a i l  

(&am) and t h e  panel oonnection a t  the t o p  of t h e  p o s t s  i s  

assumed t o  be a s l i d i n g  connection. 



Figure 6-9 CASE 6 ARRAY CONFIGURATION 

TOTAL 

FOUNDATION 

Figure 6-10 CASE 6 ARRAY COST VERSUS L0,ADlNG 

- . . . . . .... 
2 

1 
. *  3 . .* KPA .'.. . 

I I 
30 ,. 4b 

1 I 
60 00 "10 PSF 

LOADING ' . 



Figure 6-10 presents  t h e  es t imated  c o s t s  f o r  t h e  Case 5 design. 

6,206 - C a s e  6 . D e s i a  

Figure 6-1 1 shows t h e  conf igura t ion  o f  t h e  Case 6 a r r a y  design, 

This  design is . f o r  1 , 2 b y 2 , 4 m  (4 by a f t )  panels  and a 

4..8 meter (16 foo t )  s l a n t  height. Case 6 is similar t o  Case 4. 

The supers t ruc tue  c o s t s  f o r  Case 6 are lower than  t h o s e  f o r  

Case 4 ,  i t s  n e a r e s t  equivalent.  The c o s t  reduct ion i s  a t t r i b u t e d  

p a r t l y  t o  a reduct ion  i n  l eng th  of t h e  back pos ts ,  s h o r t e r  

s i d e r a i l  (beam) spans, and smaller f l e x u r a l  loads  on the 

s i d e r a i l s  ' (beams) than  f o r  Case 4.. 
. . 

The foundations f o r  C a s e  6 are s h o r t e r  and deeper than f o r  C a s e  4 
, . . . i n  order  t o  inc rease  t h e  r e s i s t a n c e  to l a t e r a l  motion af forded by 

* .  

the ' s o i l .    ow ever, foundation c o s t s  f o r  c a s e  6 are higher  than 

f o r  C a s e  4 .  d t '  r 1.7 Ha , (35 ps f )  and t2.4 kPa (50 psf)  loadings.  

~ k i s  'is a t t r i b u t e d  t d  t h e  smaller d i s t a n c e s  -between p o s t s  f o r  
- .  

Case 6,  and t h e  consehuknt g r e a t e r  importance of o v e r t u r n i n g  

moment compared t o  . l a t e r a l  motion. A t  3 -6  kPa (75 psf)  , 
foundation c o s t s  f o r  C a s e  4 are higher than f o r  Case 6. Lower 

foundation c o s t s  may r e s u l t  from optimization of  t h e  p lan  

dimensions of t h e  C a s e  6 foundations (i. e , f o r  t h e  cons tan t  

foundation weight needed t o  resist u p l i f t  forces ,  select t h e  

dimensions t h a t  maximize t h e  r e s i s t a n c e  of t h e  s o i l  t o  la teral  

movement while r e t a i n i n g  s u f f i c i e n t  r e s i s t a n c e  t o  over turn ing) .  
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Case 6 c o s t s  are presented .  i n  Figure 6-12. 

' C a s e  7 Desisn 

- .  
C a s e  7 u t i l i z e s  2.4 ,by '4.8 m (8 by 1 6  f t )  f o o t  pane l s  and a 

,' :.: 

4.9 meter ( 16 foo t )  s l a n t  height!.as i l l u s t r a t e d  in .Figure 6- 13. 

*,' . .  . 

C a s e  7 is s i m i l a r  t o  Case 5 and Case 8 (Section 6.2.8) , which 
I *  

a l s o  have 4.9 meter (16  foo t )  s l a n t  he ights  .and u t i l i z e  

2.4 by 4.8 m (8 by 1.6 f t )  f o o t  panels. . Case 7 r e s u l t s  i n  

s l i g h t l y  lower supers t ruc tu re  c o s t s  thad' Case 5. The reduct ion 

is a t t r i b u t e d  pr imar i ly  t o  fewer, s h o r t e r  back pos ts  t h a t  are 

more e f f i c i e n t l y  used . than  f o r  C ~ S &  5. Also, back and f r o n t  

g i r d e r s  a r e  dequ i red .  f o r  Case 7 b u t  n o t  f o r  Case 5. However, the 

g i rde r  supported loads  f o r  C a s e  7 are r e l a t i v e l y  small and the 

added beam (panel  me&&) steel' f o r  Case 5 was n o t  ' as g r e a t  a s  

the ' r educt ion  i n  p o s t  steel. 

As f o r  Cases 1 t o  - 6 , . t h e  foundation I1long1I dimension i s  loca ted  

p a r a l l e l  t o  t h e  load  d i r e c t i o n  s o  as t o  make over turn ing  n o t  a 

cr i t ical  : concern. Consequently, t h e  foundation c o s t  d r i v e r  i s  

t h e  need t o  provide r e s i s t a n c e  t o  l a t e r a l  (hor izonta l )  motion a s  

w e l l  as u p l i f t .  The foundation c o s t s  f o r  Case 7 are very c l o s e  

t o  t h e  average f o r  a l l  .cases and t o  those  f o r  Case 5. 

Costs f o r  t h e  Case 7 design are p e s e n t e d  in Figure 6-14. 
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Caae 8 Desian 

i , 

Figure  6-15 shdws t h e  cd i i iguga t ion  of t h e  Case 8 a r r a y  

s u p e r s t r u c t u r e  and foundation. A 4.8 meter ( 16 f o o t )  s l a n t  

he ight  and 2.4 by 4.8 m ( 8  by 16 ' f t )  panels  are 'used.  
. .  i . * 

The genera l  conf igura t ion  of t h i s  case is  t h e  same a s  f o r  Case 7 
*.'{. 

except  t h a t  the g i r d e r  s p i n 3 i s  indreased t o  9.8 meters (32 f e e t ) .  

The a m u n t  . of. steel requi red  f o r  . p o s t s '  decreased f o r  Case' 8 as 

compared'to case 7 because of a lower ..number of more e f f i c i e n t l y  

u t i l i z e d  p o s t s  f o r  Case 7. The weight i s  con t ro l l ed  by t h e  

s lenderness  r a t i o  of t h e  posts  f o r  Caae 7 r a t h e r  than maximum 

stress. However, t h e  weight pe r  f o o t  of g i r d e r s  f o r  Case 8 

increased due t o  t h e  i n c r e a s e  in span l e n g t h  t o  9.8 meters 

(32 f e e t )  from 4.8 meters (16 , f ee t )  . Optimization may r e s u l t  i n  

some d e c r e a s e ' l n  Case 8 g i r d e r  s t e e l  by design of steel s e c t i o n s  --. 
._ -- - 

t h a t  have a similar, s e c t i o n  modulus but  lower adequate  shear  - 
-----.- .. -.- 

s t r e n g t h  , , ! & . .  .. compared t o  those  est imated i n  this study. '.?, 

I... . 

There a r e  fewer, bu t  l a r g e r ,  foundations i n  Case 8 as compared t o  

Case 7. However, t h e  t o t a l  weight o f  concre te  i s  the same wi th in  

* I 0  percent  f o r  both cases.  

Figure 6-16 shows t h e e s t i m a t e d  oos t s  f o r  the 'kase 8 design. 
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Case 9 Desicyn 

The conf igura t ion  of t h e  Case 9-gr ray  design is shown i n  Figure  

6-17. This design uses  2.4 by 4..8 in ( 8  by 16 f t )  panels w i t h ' a  . . 

4.8 meter (16 f o o t )  s l a n t  h e i g h t  and is genera l ly  s i m i l a r  t o  

Case 5. However, Case 9' diffe:s from a l l  of t h e  preceding cases  

i n  seve ra l  major respects.  There i s  no separa te ,  f ie ld-erec ted  ,. 
4.2 

a r r a y  s t r u c t u r e  p.er se. All of t h e  s t r u c t u r a l  f u n c t i o n s  a r e  
. , 

incorporated i n t o  t h e  panels.  The back pos t s  ( p a r t  of t h e  panels  

i n  this case) a r e  inc l ined ,  forming an A - f r a m e  with t h e  panel. 

Also, t h e  back p o s t * ,  sha re  foundations w i t h  ad jacen t  a r r a y  

panels, a s  i l l u s t r a t e d  i n  F igure  6-17. The foundations r u n  i n  an 
>, , . . . . ,  

east-west d i r e c t i o n  as 'opposed t o  north-south in t h e '  o t h e r  cases. 

The  o b j e c t i v e  i n  inc lud ing  t h e  Case 9 design was to e v a l u a t e  t h e  

e f f e c t  of  combining panel  and a r r a y  supers t ruc tu re  s t r u c t u r a l  

funct ions  i n t o  a s i n g l e  u n i t  (i.e., t h e  panel)  and t h e  e f f e c t  of 

sha r ing  foundations. The Case 9 concept assumes t h a t  t h e  

s u p e r s t r u c t u r e  # complete wi th  g l a s s  modules # w i l l  be shipped with 
A , .  

t h e  back l e g  folded. F i e l d  i n s t a l l a t i o n  r e q u i r e s  unfolding t h e  

l egs ,  f a s t e n i n g  t h e  e n t i r e  s t r u c t u r e  t o  the foundation, and 

completing t h e  f a s t e n i n g  of t h e  l e g s  a t  t h e  f o l d  point.  . 

The reduct ion i n  Case 9 foundation c o s t s  compared. t o  t h e  , o t h e r  

e i g h t  cases  occurs  because o f :  
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Fewer foundat ions ( t h e  f r o n t  l e g  of one panel  s t r u c t u r e  
A-frame shares  a foundation w i t h  t h e  back l e g  of 
another) .  

An inc rease  i n  t h e  d i s t a n c e  between support  p o i n t s  
r e l a t i v e  t o  t h e  loaded area,  which reduces t h e  r e l a t i v e  
importance of t h e  over turn ing  moments c rea ted  by t h e  
loads,  

Placing the long d,imension o f  t h e  foundsations 
perpendicular  t o  major load d i rec t ions .  T h i s  i s  made 
poss ib le  by the reduct ion in r e l a t i v e  importance of 
overturning .moment. T h i s  o r i e n t a t i o n  of t h e  foundation 

' allowed maximizing t h e  anouht o f  s o i l  l a t e ra l  bear ing  
r e s i s t a n c e  .per  cubic 'yard of concrete.  

. . 
. * 

The , reduct ion in weight o f  Case 9 foundations a l s o  reduced t h e  

s l i d i n g  component of r e s i s t a n c e  t o  l a t e r a l  motion (i. e, , the UBC 

c o e f f i c i e n t  o f  s l i d i n g  r e s i s t a n c e  t i m e s  t h e  weight) , However, 
I 

t h e  C a s e  ? :%gain i n  foundation a r e a  f o r  s o i l  l a t e r , a l  bear ing 

r e s i s t a n c e  compensated.for t h e  l o s s  i n  s l i d i n g  r e s i s t a n c e  w i t h  a n  

inc rease  i n  t h a t  f racti0.n o f .  the r e s i s t a n c e .  t o  l a t e r a l  motion 

a t t r i b u t e d  t o  t h e  l a t e r a l  bear ing  r e s i s t a n c e  o f  t h e  so i l .  . 

Since the scope o f  th i s  s tudy  permitted only a r e l a t i v e l y  

s u p e r f i c i a l  cons idera t ion  o f  t h e  c o s t  t r a d e o f f s  f o r  foyndations 

considered f o r  Case 9, later opt imiza t ions  should examine t h e  

c o s t  t radeoff  s i n  more d e t a i l .  However, any later opt imiza t ions  

of this s o r t  may no t  be c o s t  e f f e c t i v e  un less  t h e  load  magnitudes 
'. 

and d i r e c t i o n s  are b e t t e r  i d e n t i f i e d  and t h e  s i t e  s o i l  va lues  a r e  - 
more a c c u r a t e l y  determined. In p a r t i c u l a r ,  c o s t  op t imiza t ions  

f o r  foundations of t h i s  type  are s e n s i t i v e  t o  t h e  l i f t  t o  drag 

ra t io  f o r  winds from t h e  n o r t h  s i n c e  winds from t h i s  d i r e c t i o n  
( 



produce t h e  maximum u p l i f t  f o r c e  and govern foundation weight 

requirements. 

The foundation c o s t s  f o r  t h e  C a s e  9 design are shown in Figure  

6-1 8 w h i l e  s t r u c t u r e  c o s t s  (i. e., panel cos t s )  a r e  presented i n  

Table 5-21 - The s t r u c t u r e  c o s t  f o r  Case 9 i s  a c t u a l l y  a panel 

c o s t  and should not he compared with t h e  s t r u c t u r e  c o s t s  i n  t h e  

preceding e i g h t  cases. C a s e  9 s t r u c t u r a l  steel cos t s  inc lude  t h e  

2.4 meter (8 f o o t )  long members t h a t  d i r e c t l y  suppor t  glass 

modules and span from l e g  t o  l e g  of the.'A-frame and which are 

only p a r t l y  included in some o t h e r  cases  as f r o n t  and back beams. 

A s  expected, t h e  C a s e  9 s u p e r s t r u c t u r e  c o s t s  are higher  than f o r  
, -. 

o t h e r  cases  even without  i n c l u s i o n  of t h e  2.4 meter (8 foot )  

member mentioned. This is due t o  the longer  back l e g  compared t o  

Case 4, f o r  example. Case 9 t o t a l  c o s t s  are presented in t h e  

summary i n  Sect ion 7.1. 

6 - 3  ARRAY COMPARISONS 

Cost Comparisons 6.. 3. 1 

Estimated a r r a y  s t r y c t u r e  and foundation cos'ts f o r  t h e  nine a r ray  

conf igura t ions  presented i n  Sect ion  6.2 are summarized i n  Table 

6-1. A comparison between t h e  C a s e  9 foundation c o s t  and 

corresponding c o s t s  f o r  t h e  o t h e r  cases  shows Case 9 foundation 

c o s t  t o  be  15 t o  25 . . percont lower (depending on . . loading)  than t h e  

nex t  lowest  case. ' 



TABLE 6-'1 . . 

ARRAY STRUCTURE AND FOUNDATION COST ESTIMATE SUMMARY (1975 $/m2) 

(1) A l l  Case 9 s t r u c t u r a l  c o s t s  are a s soc i a t ed  wi th  t h e  pane l  c o s t s .  

ARRAY 
CASE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1.7 KPA (35 PSF) LOADING 

STRUCTURE 

7.50 

8.30 

8.30 

10.50 

8.30 

7.40 

7.40 

11.50 

- (1) 

2.4 KPA (50 PSF) LOADING 

FOUNDATION 

14.60 

14.80 

15.10 

13.80 

13.80 

1 6 ~ 5 0  

14.90 

14.40 

12.10 

STRUCTURE 

11.20 

9.00 

9.80 

10.70 

9.20 

7.40 

84 70 

13.70 

- (1) 

3.6 KPA (75 PSF) LOADING 

TOTAL 

22.10 

23.10 

23.40 

24.30 

22.10 

23.90 

22.30 

25.90 

12.10 

STRUCTURE 

13.50 

9.90 

11.10 

14.40 

-10.80 

7.40 

11.00 

19.00 

- (1) 

FOUNDATION 

19.10 

20.70 

20.00 

19.00 

20.70 

23.30 

20.10 
. 

21.30 

14.40 

TOTAL 

30.30 

29.70 

29.80 

29.70 

29.90 

30.70 

28.80 

35.00 

14.40 

FOUNDATION 

27.00 

29.80 

28.70 

30.40 

31.00 

28.20 

28.60 

30.40 

20.70 

TOTAL 

40.50 

39.70 

39.80 

44.80 

41.80 

35.60 

39.60 

49.40 

20.70 
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Figure 619 ARRAY STRUCTURE AND FOUNDATION COST VERSUS LOADING 



Array s u p e r s t r u c t u r e  and foundation c o s t s  f o r  e i g h t  of t h e  n ine  

a r r a y  design cases  evaluated are shown graph ica l ly  in Figure 

6-19. This f i g u r e  p r e s e n t s  cos ts ,  normalized t o  1975 d o l l a r s  p e r  

square meter of t o t a l .  module s u r f a c e  ' area ,  a s  a funct ion  of 

loading. A s  wi th  t h e  o t h e r  c o s t  d a t a  presented here in ,  ' t h e  

curves r e p r e s e n t  t h e  b e s t  f i t  f o r  d a t a  p o i n t s  a t  1.7, 2.4, and 

3.6 kPa (35, 50, and 75 ps f ) .  Costs  f o r  Case 9 a r e  n o t  included 

s i n c e  t h a t  case  does n o t  have a supers t ruc tu re  c o s t  per se. 

A s  can be seen  from. Figure 6-19, array. .  s t r u c t u r e  and foundat ion 

c o s t s  a r e  h ighly  dependent on loading  and, f o r  t h e  e i g h t  cases'. 
. - 

shown, depend on design to  a much lesser ex ten t .  

Array T i l t  Anule 

Some cons idera t ion  w a s  given t o  tilt angles  o the r  than  350. 

Conclusions were p o s s i b l e  on ly  i f  it was assumed t h a t  . t he  load 

magnitude was unchanged by t h e  angle. This  i s  , ' u n l i k e l y  t o  be 

t r u e  f o r  wind loads. The lowest c o s t  foundations and, 

supers t ruc tu re  w i l l  result from h o r i z o n t a l  a r rays .  T h i s  i s  

because t h e  foundation c o s t s  are largely a t t r i b u t e d  t o  . t h e  

necess i ty  t o  resist l a t e r a l  motion concurrent  with u p l i f t .  In 

t h e  i d e a l i z e d  l i m i t i n g  case  of a h o r i z o n t a l  a r ray ,  t h e r e  a r e  only 

u p l i f t  o r  downward f o r c e s  and t h e  concre te  needed is only t h a t  

necessary t o  preclude upward motion. Also f o r  t h e  h o r i z o n t a l  

a r ray ,  superskructure c o s t s  are minimum since t h e  l e n g t h s  o f  

loaded members are shor tes t .  Horizontal  a r rays ,  t h e i r  energy 

a 



output ,  and t h e i r  l i f e - c y c l e  energy c o s t s  are discussed furth* 
, .  

i n  Reference 3-2. 
L 

- .. 

I t  is  expected t h a t ,  i f  l oads  rehain  constant ,  i n c l i n e d  a r ray  

s t r u c t u r e s  in l o c a t i o n s  with l a t i t u d e  angles  less than  350 wduld 
*. 

be less c o s t l y  than f o r  those  considered i n  t h i s  study. 'Far 

l o c a t i o n s  with l a t i t u d e  ang les  g r e a t e r  than 3S0, t h e  converse i s  

true.  The u p l i f t  f o r c e  cor@onent w i l l  decrease w i t h  an 

inc reas ing  angle  of i n c l i n a t i o n  r e l a t i v e  to  horizontal . .  However, 

t h e  l a t e r a l  fo'rce componht w i l l  a t  t h e  same t i m e  increase, The 

foundat ion weight opposes u p l i f t  f o r c e s  on a one-to-one basis, 

  ow ever,' f o r  lateral f o r c e s  and with a s l i d i n g  - c o e f f i c i e n t  o f  

0.35, only 35 percent  of the foundation weight i n  excess of ' t h e  

amount needed t o  resist u p l i f t ,  'is e f f e c t i v e  in  c r e a t i n g  s l i d i n g  

r e s i s t a n c e ,  ~ o n s e ~ u e n t l ~ ,  an  a d d i t i o n a l  1 -4  kilograms (3 pounds) 

of foundat ion are needed t o  resist each a d d i t i o n a l  0,.45 kilogram 

(pound) of la teral  f a r c e  comgonent, while a decrease in t h e  

upward fo rce  component sf  0.45 kg (1 pound) r e s u l t s  i n  a decrease 

i n  needed foundat ion weight of 0.'45 kg ( 1 pound), The above 

observat ion i's based on t h e  assum#ions t h a t  t h e  l a t e r a l  bear ing  

r e s i s t a n c e  t o  lateral motion and t h e  appl ied  loads remain 

cons tan t  while  angle  of i n c l i n a t i o n  va r i e s .  Further ,  t h e  

observat ions are based on t h e  design requirements and conventions 

f o r  t h i s  study. 

I f ,  however, t h e  p l a n t  s i t e  has  a south fac ing  n a t u r a l  s lope,  

t h e n  t h e  r e l a t i v e  c o s t s  a t t r i b u t a b l e  to a r r a y  i n c l i n a t i o n  



r e l a t i v e  t o  t h e  h o r i z o n t a l  would be d i f f e r e n t  than  those  

considered i n  t h i s  s tudy,  For such sites,, s u p e r s t r u c t u r e  

material c o s t s  would t end  to decrease,  However, it i s  no t  known 

how many p o t e n t i a l  sites with t h i s  c h a r a c t e r i s t i c  e x i s t .  

N r t h e r ,  cons t ruc t ion  c o s t s  would tend t o  i n c r e a s e  with t h e  

i n c r e a s i n g  d i f f i c u l t y  o f  working .on s t e e p e r  s lopes.  

6.3-3 Arrav S t r u c t u r e  and Foundation Desisn Summary 

Foundations, When considering only t h e  foundat ion and 

supers t ruc tu re  c o s t s ,  t he  major cost f r a c t i o n  is t h e  foundation 

cost. The r a t i o  of foundat ion t o  s u p e r s t r u c t u r e .  c o s t s  is 

approximately two or more for.  all cases. and loads, Later 

opt imiza t ions  could w e l l  reduce foundation cos ts -  However, t h e  

ra t io .  found here  is so  l a r g e  that it i s  h igh ly  u n l i k e l y  t h a t  

foundation c o s t s  w i l l  be i n s i g n i f i c a n t  i n  comparison with; ,  o the r  

costs. 

b 

The major d r i v e r  f o r  foundation c o s t s  was found t o  be t h e  load i n  

t h e  upward d i r e c t i o n  and normal t o  t h e  panel su r face  f o r  a l l  load 

magnitudes and t h e  one set of soi l  condi t ions  used. . I n  e f f e c t  , 
this  load d i r e c t i o n  creates an u p l i f t  and sideward f o r c e  

r e q u i r i n g  enough foundation weight t o  not  only  resist u p l i f t  

a lone but t o  c r e a t e  f r i c t i o n a l  r e s i s t a n c e  t o  h o r i z o n t a l  motion. 

Severa l  opt imiza t ion  r o u t e s  were found i n  an evalua t ion  of the 

s tudy r e s u l t s ,  A t  l e a s t  one r e q u i r e s  considering t h e  a r r a y  



foundations and supers t ruc tu re  ,: i n ,  combination . r a t h e r  than 

s e p a r a t e l y  and , ,is discussed . la ter  under the- subheading Array . ' 

Structure.  1 % ~  A , . 

Two types  of foundat ions were co-nsidered f o r  th is  appl icat ion--a  

shallow based spread f o o t i n g  and a pole (caisson).  . Phe shallow .- . 
based spread,  foot ing,  where the  p t i r e  t o p  s u r f a c e  of the,-foot ing 

is exposed 'above grade, was considered. since it typica l ly . : .  has, , , a 

r e l a t i v e l y  high over turn ing  r e s i s t a n c e  compared , t o  t h e  concrete.  

weight required.  The o t h e r  foundation type,  t h e  pole  or - .. c.aigson 

type,  was considered- as a n  a l t e r n a t i v e  because it can be more 

s u i t a b l e  f o r  some t y p e s  of  s o i l  (e. g. ,. cohesive' t ype  s o i l s ,  such 

as rock ledges) . A b r i e f  i n v e s t i g a t i o n  was . . . / . .  .made . o f :  .- . .  t h e  ., 

a p p l i c a b i l i t y  o f  t h e s e  two foundation types  f o r  the .  - study. For 

the,  pole type  foundation , t h e  i n v e s t i g a t i o n  ind ica ted  t h a t  t h e  

UBC equat ions governing t h e  use of pole type  foundations (i. e. , 
t h a t  equat ion found i n  Sect ion  2907(f)1 of the 1976 e d i t i o n  of 

the UBC) may .no t  have considered concurrent  i n  . i t s  d e r i v a t i o n  

u p l i . f t  . and l a t e r a l  forces ,  .,, requi red  by t h i s ,  app1,ication. 

Fur ther ,  the gravel-type s o i l s  (UBC, class 3) s p e c i f i e d  f o r  t h i s  
Y 

study,  o f t e n  r e q u i r e  t h a t  t h e  l a r g e r  diameter ho les  be cased. 

For a study such as t h i s ,  where no s p e c i f i c  site i s  spec i f i ed ,  
! I  

t h e r e  i s  i n s u f f i c i e n t  d a t a  a v a i l a b l e  t o  determine t h e  

requi red  diameter of uncased hole  f o r  

Spread f o p t i n g  foundat ions are more general ly ,  appl ic ,able  f o r  t h e .  

UBC c l a s s  3 s o i l s  s p e c i f i e d  f o r  t h i s  study and, accordingly,  were 

chosen f o r  use  i n  this  study. Pole-type foundat ions may be more 
/ 



c o s t  e f f e c t i v e  f o r  sites with a more cohesive s o i l - '  When 

s p e c i f i c  site soi l  cond i t ions  a r e  known, opt imiza t ions  can more 

c l o s e l y  cons ider  foundation ' design a l t e r n a t i v e s -  

One disadvantage of a shallow bdsed, trenched-in spread f o o t i n g  

is t h a t  t h e  s o i l  cannot be counted on t o  resist u p l i f t ,  a f a c t o r  
. " 

t h a t  should be ' close. ly  considersd dur ing  any l a t e r  opt imizat ion,  
, . 

In  effect,' t h e  t radeoff  t o  be considered i s  t h e  higher  c o s t s  f o r  

improved l a t e r a l  f o r c e  res is t ' ance  o f  deeper spread foot ings  

a g a i n s t  t h e  lower kit c o s t s  f o r  t h e  sha l low based f o o t i n g s  w i t h ,  

a t  times, s u p e r i o r  over turn ing  moment r e s i s t a n c e ,  

m n d a t i o n  "Sharinq, 'Cases '1 ," ' ' 2 7  and 9 share  foundat ions t o  

var ious  degrees. The c o s t s  of t h e s e  foundations a s  a funct ion  of 

loading  are presented i n  Figure 6-'20- 

The d i f f e r e n c e  in foundation costs between Case 1 and 2 i s  n o t  

considered as s i g n i f i c a n t  a s  t h e  d i f f e r e n c e  between t h e  average 

f o r  Cases 1 and 2 and C a s e  9 -  Calcula t iondl  inaccurac ies  could 

be t h e  reason f o r  the d i f f e r e n c e s  between Cases 1 and 2 bu t  are 

less l i k e l y  t o  be t h e  reason f o r  t h e  d i f f e r e n c e  between C a s e  9 

and t h e  average f o r  Cases 1 and 2. 

Two v a r i a b l e s  s e p a r a t e  . t h e  t h r e e  d i f f e r e n t  foundations. One 

common v a r i a b l e  i s  t h e  degree t o  which foundations are shared, 

with Case 9 r ep resen t ing  t h e  g r e a t e s t  shar ing  and C a s e  2 the 

least. C a s e  9 h a s  a d i f f e r e n t  f o r c e  r e s i s t a n c e  mechanism from 
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Figure 6-20 COST IMPACT OF SHARING FOUNDATIONS 

the o t h e r s  t h a t  the long a x i s  t h e  foundat ion 'is 

perpendicular  t o  t h e  d i r e c t i o n  of a p ~ l i e d  load. For Case 9 t h e  

f o r c e  r e s i s t a n c e  from l a t e r a l  bear ing  on t h e  so i l  i s  conseq6entiy 
, 

l a r g e r  t h a n  f o r  Cases 1 and 2 co l l ec t ive ly .  . . Cases 1 and 2 have 

t h e  s h o r t  dimension of t h e  foundations perpendicular  t o  t h e  

'd i rec t ion  of the a p p l i e d  load  ( in  o rde r  t o  develop s u i t a b l e  

over turn ing  r e s i s t a n c e ) .  A s  a cansequence, Cases 1 and 2 r e q u i r e  

more mass since they depend more on , f r i c t i o n  ketween t h e  s o i l  and 

foundation f o r  r e s i s t a n c e  t o  hor i zon ta l  not ion  t h a n  does Case 9. 

One conclusion from t h i s  comparison is  t h a t  Case 9 could b e n e f i t  

from reduct  ion i n  t h e  requirement t h a t  the bottom end of the 

panel  be loca ted  a t  least 0.61 meter (2  feet) above grade i n  

o rde r  ' t o  prevent  r a i n  backsplash from puddles o n t o .  the modules. 



. . 

. . 
s'ince -Case 9 h a s  a 0 .4  meter (1 -35 f t )  wide concre te  su r fage  

, . I  

,'. t h e  t o p '  of  t h e  foundation) u ider  t h e  e n t i r e  length  of t h e  
I . i 

f r o n t  l'owei: edge of t h e  panels ,  c o l l e c t i o n  o f  d i r t  on t h e  

from backs'plashes would be less l i k e l y  t h a n  would be the c a s e . f o r .  

Cases 1 and 2, Consequently, t h e  0.. 6 1 meter ( 2  f o o t )  he ight  

above grade requirement shoqld be reviewed f o r  C a s e  9 because of  

t h e  p o t e n t i a l  savings i n  s t r u c t u r a l  (back s t r u t )  and foundat ion 

cos t s .  

Foundation?. Conclusions. seve ra l  cohclusions r e s u l t  from a review 

of t h e  foundation work. one concern i s  t h e  dependency OF t h e  

foundation design upon the u p l i f t *  f o r c e  due t o  wind.. ~ l t h o u g h  

uniform loading w a s  used i n  t h e  ' ~ 6 u i 3 ~  t o  determine c o s t  d r ive r s ,  

ac tua l  wind load ing  is random and, as a consequence, imposes more 

s t r i n g e n t  design condi t ions  on the s t ruc tures .  An i n v e s t i g a t i o n  

of bu i ld ing  codes and o ther  germane l i t e r a t u r e  has revealed  a 

l ack  of p e r t i n e n t  design info'rmation r e l a t i v e  t o  wind loading on 

both  s t r u c t u r e s  analogous t o  phat molt a i c  module support  

s t r u c t u r e s  and, more p a r t i c u l a r l y ,  t o  l a r g e  i n s t a l l a t i o n s  of 

sawtooth s t r u c t u r e s  (i.e., an a r r a y  . f i e l d ) .  Fur the r  work is 

needed t o  more accura te ly  de f ine  We 'wind load environment. Wind 

tunne l  t e s t i n , g  can, f o r  a gii ip~l a r r a y  conf igura t ion ,  wind 

ve loc i ty ,  and angle  wi th  r e s p e c t  t o  t h e  a r ray ,  more a c c u r a t e l y  

de f ine  the load  magnitudes, p a r t i c u l a r l y  i n  t h e  upward d i r e c t i o n .  

Close cons idera t ion  of t h e  aerodynamic shape is l i k e l y  t o  be t h e  

quickes t  way t o  more a c c u r a t e l y  de f ine  foundation c o s t s ,  s i n c e  

t h e  c o s t  d a t a  show t h a t  wind l o a d s  play t h e  s t r o n g e s t  s i n g l e  r o l e  



i n  c o n t r o l l i n g  a r r a y  costs. A f u r t h e r  d i scuss ion .  ori wind loading 
. . . .  

i s  presented  i n  Sect ion  7.3. , 
. . 

Another conclus ion .  i s  t h a t  t h e  . f i n a l  a r r a y  des igns  shou1.d be 

based on s o i l  va lues  determined by site i n v e s t i g a t i o n s  -which give 

s p e c i a l  cons idera t ion  t o  l a t e r a l  bear ing  and s l i d i n g  r e s i s t a n c e  

c o e f f i c i e n t  values.. Due t o  t h e  . v a r i a b l e  n a t u r e  of soi,ls, it :is 

n o t  p o s s i b l e  t o  make a simple t a b l e ,  such as provided by t h e  UBC, 

t h a t  a c c u r a t e l y  desc r ibes  t h e  s i t e  s o i l  values,  Fur ther , '  it is  

e s s e n t i a l  t o  know whether t h e  a c t u a l  v a l u e s  are higher  o r  lower 

than those  t a b u l a t e d  by t h e  UBC. I f  , t h e  a c t u a l  'values a r e '  lawer 

t h a n  UBC value, premature a r r a y  f a i l u r e  could resule ,  However, 

i f  t h e  a c t u a l  va lues  are higher  than  UBC values,  t h e n -  a r r a y  .costs 

would be h igher  than o therwise  necessary. A b r i e f  a n a l y s i s  

es t imated t h a t  . a r ray  f a i l u r e s  could r e s u l t  with.  upward loads '  of 

about  1.3, 1.9, and 2.9 kPa (28, 40, and 60 psf) ins t ead  of t h e  

1.7, 2.4, and 3.6 kPa (35, 50, and 75 psf )  loads considered,  i f  

t h e  foundations were designed f o r  UBC Class  3 s o i l  and 

cons t ruc ted  on C l a s s  4 s o i l  i n s t ead .  Damage would most l i k e l y  be 

expected f o r  t h e  g l a s s  modules and s i l i c o n  cells r a t h e r  t h a n  t h e  

a r r a y   structure^.^ Array foundation c o s t s  could be 20 t o  

30' percent  h igher  than  necessary i f  t h e  foundat ions were designed 

f o r  C l a s s  4 s o i l  and cons t ruc ted  on Class 3 s o i l  in s t ead .  . . 
. . 

C ' .  

Another conclusion and recommendation i s  t h a t  la ter  foundat ion 

opt imiza t ion  should a t tempt  t o  devise  foundations t h a t  more . f u l l y  
. . 

u t i l i z e  t h e  la teral  bearing r e s i s t a n c e  o f  t h e  so i l . ' .  A comparison 



of Case 9 with all o t h e r  cases shows t h e  improved lateral motion 

r e s i s t a n c e  p o s s i b l e  f o r  f o d a t i o n s  p a r a l l e l  w i t h  t h e  east-west 

a x i s  i n s t e a d  of t h e  north-sou'th a x i s ,  Attempts w e r e  made i n  t h i s  

.study t o  p a r a l l e l  t h e  east-west a x i s ,  wi th  foundations fo r ,  o t h e r  

;cases.: ' However, t h i s  tended to  i n c r e a s e  -the amount of concre te  
,'... . ,  . 
; ' required t o  reaist over turn ing  because t h e '  r e l a t i v e l y .  ' s h o r t  
. .,, . . .. 
dimension:. of :  ' t h e  foundations i s  t h e n  ,perpendicular t o  t h e  major . . 
load d i rec t ion .  Also, as mentioned, caisson-type foundations 

should be evaluated f o r  sites with s o i l s  t h a t  are more cohesive 

than.  UBC C l a s s  3. 

O t h e r  conclusions and recommendations concerning foundations are 

discussed under t h e  general  t o p i c  of s u p e r s t r u c t u r e  since, f o r  

completeness,. t h e y  cannot. be d i scussed  separately.  

av .S t ruc ture ,  The supers t ruc tu re  c o s t s  are lower t h a n  

foundation c o s t s  by a r e l a t i v e l y  wide margin. However, t h i s  f a c t  " 

s,hould n o t  obscure t h e  important r o l e . t h e  supers t ruc tu re  p lays  i n  

determining f ound-ation cos ts .  

I n  more -normal s t r u c t u r e s ,  t h e  wind u p l i f t  and h o r i z o n t a l  f o r c e s  

a r e - o f  less c r i t i c a l  importance t h a n  is  t h e  case f o r  the'se a r r a y  

designs. .Usually every;  pound ~ 0 . f  bu i ld ing  weight reduct ion  
. % 

r e s u l t s  i n  a reduct ion  i n  foundat ion c o s t s ,  

For"these a r r a y  designs, t h e  design i n t e n t  was t o  minimize a r ray  

supers t ruc tu re  steel costs by keeping supers t ruc tu re  weights low,. 



A s  a consequence, every pound o f  supers t ruc tu re  weight reduct ion  

would r e s u l t  i n  t h e  need t o  i n c r e a s e  foundation weights by a l i k e  

amount- This s tudy d i d  n o t  a t t empt  opt imiza t ions  of t h i s  kind, 

s i n c e  no d i f f e r e n t i a t i o n  was made between, l i v e  loads, and dead 

l o a d s  and consequently t h e  supers t ruc tu re  dead load was n o t  

sub t rac ted  . f rom t h e  l i v e  load  u p l i f t .  A t r adeof f  of  a pound of 

steel- f o r  a pound of  concre te  would l i k e l y  be c o s t  e f f e c t i v e .  

However, l a t e r  opt imiza t ions  may f i n d  it c o s t  e f f e c t i v e  t o  

u t i l i z e  t h e  foundation concrete  more e f f e c t i v e l y  by using 

concre te  i n s t e a d  of s t e e l  in  t h e  s u p e r s t r u c t u r e ,  I n  doing s o ,  

however, it would be prudent t o  cons ider  m a t e r i a l s  o t h e r  than  

steel f o r  t h e  supers t ruc tu re .  . . -  

A s  mentioned under foundation discussions,  t h e  load magnitude has 

1 t h e  most i m ~ o r t a n t  effect on ,costs ,  Since ' the aerodynamic shape 

of  t h e  supers t ruc ture ,  r a t h e r  t h a n  t h e  foundation, c o n t r o l s  t h e  

l i f t  and drag ,  t h e  e f f e c t  of  l o a d  upon cos t  is repea ted~ .he re  

under the assumption t h a t  wind f o r c e s  are those  t h a t  predominate 

i n  t h e  1.7, 2.4, and 3-6 kPa (35, 50, and 75 ps f )  loads s p e c i f i e d  

f o r  t h i s  study. Wind tunne l  t e s t i n g  i s  discussed i n  Sect ion  7.-3, 

Unlike t h e  foundations,  t h e  s u ~ e r s t r u c t u r e  c o s t s  are determined 

by the downward, i n s t e a d  of upward, loads, For a more - accurate 

determinat ion of c o s t s  f o r  wind loads ,  t h e  downward loads  should 

be .accura te ly  determined f o r  use i n  supers t ruc tu re  design and athe 

upward loads  f o r  foundation design. 



A review. o f  t h e  supers t ruc tu re  c o s t s  shows t h a t ,  in! g&neral, 

t h e r e  is a g r e a t e r  v a r i a b i l i t y  than  f o r  foundation cos ts .  T h i s  

i s  a t t r i b u t a b l e  t o  . t h e -  use of commercially a v a i l a b l e  steel 

members and in es t ima t ing  of costs.  

Although some s p e c i a l  s e c t i o n s  were desi gned f o r  t h i s  study, an 

optimized design f o r  every case and load combination was n i t  

considered i n  t h e  study scope. However, i n  l a t e r  opt imizat ions 

of p a r t i c u l a r  cases,  s p e c i a l l y  designed sectichs should be 

considered f o r  q u a n t i t i e s  a s  l a r g e  a s  needed f o r  a 200 MWp plant .  

Those opt imiza t ions  should c l o s e l y  cons ider  shop f a b r i c a t i o n  cost 

var iables .  

The requirement f o r  module su r faces  t o  be 0-61 meters (2  f e e t )  

above grade should be reviewed- One reason i s  t h a t  the s e l e c t i o n  

of many of  t h e  a r r a y  back p o s t s  was s t r o n g l y  inf luenced by t h e  

s lenderness  r a t i o  r e s t r i c t i o n s  o f  t h e  AISC, and, as ' a  

consequence, t h e  c a l c u l a t e d  steel . a x i a l  stresses were 

s i g n i f i c a n t l y  lower than  normally considered al lowable and t h e  

steel used i n e f f i c i e n t l y .  I f  t h e  g o s t s  were concre te  ins tead ,  

t h e  s i t u a t i o n  might be *reversed. For e i t h e r  concre te  o r  steel, 

however, c o s t s  w i l l  be reduced.  by minimizing the l e n g t h  of 

a x i a l l y  loaded members.. That length  could be minimized by 

reducing t h e  0.61 meter (2 foo t )  - minimum height  above ground 

requirement, p a r t i c u l a r l y  f o r  Case 9 where t h e  concre te  s i l l  

formed by t h e  foundation under t h e  f r o n t  lower edges of ' t h e  

panels  w i l l  minimize d i r t  t r anspor ted  by backsplashing water. 



Arrav S t r u c t u r e  Conclusions. Conclusions concerning t h e  

s u p e r s t r u c t u r e s ,  as a class, include: 

Aerodynamic shape should be more c lose ly  considered i n  
l a t e r  opt imizat ions,  

. I  . 
~ ~ t i ~ n i z ~ t i t i o n s  should consider  t h e  supers t ruc tu re  weight 
i n  conjunct ion with foundat ion weight. .. . . .. . ? ,  . t e 

i a ' . .  

Dead l o a d s  and l i v e  loads  should be considered 
s e p a r a t e l y  as well a s  combined since, i n  foundation 
design, t h e  dead load w i l l  reduce foundation weight 
requirements- 

Spec ia l ly  designed . s t r u c t u r a l  members should be 
considered more, c l o s e l y  s i n c e  a number of t h e  case-load 
,combinations resulted in a .  c a l c u l a t e d  s e c t i o n  .modulus 
need' almost .midway . between t h e  n e x t .  higher  and nex t  

. lower , ava i l ab le  modulus. Fur ther  the d i f f e r e n c e s  
between the next  higher  and next  lower: moduli were l a r g e  

, compared t o  t h a t  c a l c u l a t e d  as required. 



Sect ion  7 

ARRAY DESIGN .SUMMARY 

This  . ' sect ion p resen t s  a summary,. combining all. t h e  elements of 

t h e  t o t a l  a r r a y  (i- e, , modules, panels ,  a r ray  s t r u c t u r e s  and 
. . , , .  , - ., ". 
foundations) d iscussed  i n  t h e  preceding sect ion.  The e f f e c t s  of 

wind forces ,  a major cost d r i v e r ,  i s  a l so  discussed. 
C 

7.1 TOTAL ARRAY COSTS 

I 

9 Inspect ion  oB t h e  panel ,cos t  e s t ima te  t a b l e s s i n  Sect ions  5.2 and . . 
5.3 show t h a t  g l a s s  s u p e r s t r a t e  module c o s t s  vary between $59,.80 

. * I .  

and $60.60 pe r  square.meter  f o r  a l l  of t h e  module s i z e s ,  panel 

s i z e s ,  and v a r i a t i o n s  i n  load ing  considered in this study. The 

module c o s t s  uniformly b i a s  t h e  c o s t  of t h e  t o t a l  a r r a y  c o s t s  

upwards by approximately $60/m*. Thus, t h e  module c o s t  i s  not 

included i n  t h e ,  a r ray  c o s t  summary.. 

Table 7-1 summarizes t h e  es t imated  t o t a l  s t r u c t u r a l  c o s t s  a t  1.7, 

2.4, a ' d  3.6 kPa (35, 50, and 75 'ps f )  f o r  t h e  nine a r r a y  design 

cases  evaluated.-  The lowest-cost panel  type  ( see  Table 5-22) 

appropr ia t e  f o r  each of t h e  a r r a y  cases is added t o  t h e  a r r a y  

s t r u c t u r e  and f o u n d a t i o n . c o s t s  t o  form t h e  t o t a l  a r r a y  cost. 

A t  1.7 kPa (35 psf), loading,  the a r r a y  c o s t s  range between +6  and 

-8 percent  of t h e i r  average. A t  3.6 kPa (75 psf) loading ,  t h e  

cost range widens t o  +17 and -13 percent  of t h e  average. Further  



TABLE 7-1 

ARRAY COST ESTIMATE SUMMARY (1975 $/m2) 

(1) Module costs increase this total by approximateAy $60/mL. 

- 
ARRAY 
CASE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

PANEL 
TYPE 

C 

C 

D 

C 

I 

C 

J 

J 

- 

TOTAL(l) 

66.80 

66.00 

58.90 

71.10 

j8.80 

61.90 

65.70 

75.50 

66.00 

2 

LOADING 

PANEL 
FRAME 

26.30 

26.30 

19.10 
I 
26.30 

37.00 

26.30 

26.10 

26.10 

45.30 

3.6 KPA (75 PSF) 

- ARRAY 
TOTAL(l) 

40.10 

41.10 

38.80 

42.30 

43.00 

41.90 

37.00 

40.60 

39.00 

1.7 KPA (35 PSF) 

. ARRAY 

STRUCTURE FOUNDATION 

7.50 14.60 

8.30 14.80 

8.30 15.10 

10.50 13.80 

8.30 13.80 

7.40 16.50 

7.40 14.90 

11.50 14.40 

- 12.10 

STRUCTURE 

13.50 

9.90 

11.10 

14.40 

10.80 

7.40 

11.00 

19.00 

- 

TOTAL(l) 

51.60 

51.00 

46.50 

51.00 

56.30 

52.00 

49.10 

55.30 

48.50 

LOADING 

PANEL 
FRAME 

18.00 

18.00 

15.40 

18.00 

20.90 

18.00 

14.70 

14.70 

26.90 

FOUNDATION 

27.00 

29.80 

28.70 

30.40 

31.00 

28.20 

28.60 

30.40 

20.70 

LOADING 

PANEL 
FRAME 

21.30 

21.30 

16.70 

21.30 

26.40 

21.30 

20.30 

20.30 

34.10 

2.4 KPA (50 PSF) 

ARRAY 

STRUCTURE 

11.20 

9.00 

9.80 

10.70 

9.20 

7.40 

8.70 

13.70 

- 

FOUNDATION 

19.10 

20.70 

20.00 

19.00 

20.70 

23.30 

20.10 

21.30 

14.40 



i n spec t ion  of the table shows t h a t  foundation and panel  c o s t s  are 

approximately equal  and e i t h e r  i s  a ~ ~ r o x i m a t e l y  t w i c e  t h e  a r r a y  

1 s t r u c t u r e  cost .  It i s  f e l t  t h a t  t h e  given assumption of uniform 
1 

loading r e s u l t s  i n  foundation c o s t s  t h a t  a r e  higher  than.would be 
. . 

c a l c u l a t e d  f o r  r e so lv ing  the loading  i n t o  'its , dead and l i v e  

I components s i n c e  t h e  dead load  (e.g., panel  weight) would be 
a .  

s ub t rac ted  from' u p l i f t  fo rces  and thereby reduce foundat ion 

weight and cos t .  

To ta l  a r r a y  c o s t s  less t h e  c o s t s  of t h e  modules a s  a funct ion  o f  

loading  are presented g raph ica l ly  i n  Figure" 7- 1 This f i g u r e  

i l l u s t r a t e s  t h e  s t r o n g  deiendence o f  c o s t s  on loading  and t h e  

r e l a t i v e l y  narrow c o s t  range f o r  t h e  n ine  designs,  p a r t i c u l a r l y  

a t  lower loadings. The C a s e  3 a r r a y  design (1 . 2 by 2.4 meter 

I (1.2 by 2.4 m (4  by 8 f t )  f o o t ) )  in termedia te  supported panels  

with a 2.4 meter (8 foo t )  a r r a y  s l a n t  he igh t  and 4.8 meter 

(16 foo t )  span i s  genera l ly  t h e  lowest c o s t  desi,gn a t  the higher  

loadings. Within t h e  accuracy of t h e  designs and o o s t  estimates, 

it i s  d i f f i c u l t  t o  select t h e  lowest c o s t  design a t  1.7 kPa 

(35 psf) loadings.  

I n  t h i s  sec t ion ,  s e l e c t e d  comparisons of t h e  combined a r r a y  and 

panel c o s t s  presented i n  F igure  7-1 are made i n  a n  attemfl t o  

determine s t r u c t u r a l  c o s t  d r i v e r s  and , s e n s i t i v i t i e s . .  A s  i n  

Sec t ion  7.1, t h e  c o s t s  are f o r  a r r a y  s t r u c t u r e s  and foundations,  



~ i ~ u r e  7-1 ARRAY COST VERSUS LOADING 



and f o r  t h e  . lowest c o s t  panel  s u i t a b l e  f o r  each p a r t i c u l a r  a r r a y  

configurat ion.  Since t h e  c o s t  o f  the modules would uniformly 

b i a s  a l l  of  t h e  c o s t  d a t a  upward by a ~ p r o x i m a t e l y  $60/m?, t h e  

module c o s t s  a r e  no t  inc luded i n  t h e  comparisons. 

Each cornparis0.n is presented i n  order, ku i ld ing  on t h e  r e s u l t s  of  

previous comparisons- The r e s u l t s  o f  t h e s e  comparisons are 

summarized i n  Sec t ion  7-2.6. 
. . 

Beam Versus P o s t  S u ~ v o r t  / C a s e  4 Versus C a s e  5 1  

Figure 7-2 compares' t h e  s t r u c t u r a l  c o s t s  o f .  a beam support  . 

conf igura t ion  (Case 4) w i t h  t h a e  of a post  support  conf igura t ion  

(case 5) . . A t  h igher  load&s, the beam support  conf igura t ion  . is 

2,O . 2.6 3.0 3,6 . .. KPA 
. 

- - a ,  I I I r 
30 40 w 60 70 80 . P8F . 

. . I .I LOADING 

Figure 7-2 COST COMPARISON OF POST VERSUS BEAM SUPPORT 



approximately 12 pe rcen t  less c o s t l y  t h a n  t h e  - pos t  suppor t  

conf igura t ion ,  whi le  a t  1.7 kPa (35 p s f ) ,  t h e  costs are 

approximately equal. Because of i t s  lower aost  a t  higher  loads  

and its a b i l i t y  t o  accep t  a v a r i e t y  of  panel  types ,  the . beam 

suppor t  conf igura t ion  i s  considered advantageous. I 

. . 

 he c o s t  d i f f e rences  are due t o  t h e  d i s t i n c t l y  d i f f e r e n t  des igns  

f o r  t h e  two configurations!. 

The beam s u ~ p o r t  conf igura t ion  (Case 4 with panel  Type C )  

f e a t u r e s  beams ( s i d e r a i l s )  , mounted i n  t h e  north-south d i r e c t i o n ,  

on which 1.2 by 2.4 meter (4 by 8 foot )  panels  a r e  mounted. . . The 

beams ( s i d e r a i l s )  o f f e r  support  f o r  ad jacen t  panels  (i.e? , 
s h a r i n g ) ,  and a r e  designed f o r  both a x i a l  and bending loads. The 

backposts a r e  designed f o r  a x i a l  loads  only- 

I 

The p o s t  support  conf igura t ion  (Case 5 with panel Type I) allows 

no beam ( s i d e r a i l )  sharing. Each 2.4 by 4.. 8 meter (8  by 16 f o o t )  

panel  i s  connected t o  t h e  can t i l eve red  backposts by means of a 
. . 

s l i d i n g  connection, A s  a r e s u l t ,  t h e  backposts, w+ch are 

sub j e c t e d  both a x i a l  and bending loads,  have g r e a t e r  s t r e n g t h  'and 
* 

weight requirements than  those  f o r  t h e  beam support  case. The 

long . .panel members ' ( t h e  c l o s e s t  analogy t o  t h e  beams ( s i d e r a i l s )  

o f  t h e  beam support  conf igura t ion)  a r e  designed f o r  bending only. 

Consequently, t h e s e  pahel members were designed u s i n g h i g h e r  

a l lowable  stresses than .  permitted f o r  t h e '  beams ( s i d e r a i l  s) of  

t h e  beam supported configurat ion.  - . 



Best  Beam g w 9 g t  (Case 4 Versus Case Q 7.2.2 . . 

A s  seen i n  Sect ion  ' 7 i  2.1, beam support i s  less c o s t l y  than pos t  

support. Figure 7-3 ampare s  t h e  cos t s  ox supporting t h e  beam 

( s i d e r a i l )  conf igura t ion  i n  an intermediate  loca t ion  (Case. 6)  

with t h a t  o f  an end loca t ion  (Case 4 ) .  Since both of t he se  

ar rays  support the same number of Type C panels, t h e  comparison 

i s  e s s e n t i a l l y  between t h e  two types  of s u ~ p o r t  locat ions.  The 

c o s t s  seem t o  be v i r t u a l l y  i d e n t i c a l  i n  t h e  1..4 kPa (30 ps f )  t o  

2.9 kPa (60 psf)  load range and differ by approximately. 

13 percent  a t  a 3.6 kPa (75 psf) load, although inaccuracies  

could have 'caused Case 6 cos t s  t o  be higher thah Case 4.. The 

comparison between end and in termedia te  support o f  2.4 meter 

(8 foot )  s l a n t  height  configurat ions (Case 1 versus Case 3)  , 

IX) { 4.8M 116 FT I SLANT HEIGHT 

END SUPPORT 
( C A ~ E I I I P A N E L ~ ~  / 

INTERMEDIATE SUPPORT' 
( CASE 6 / PANEL C ) 

2.0 2.5 3.0 8 6  KPA 
I 1 I I I 

30 40. 50 60 70 WP8F 

LOADING 
Figure 7-3 COST COMPARISON OF BEAM SUPPORT, 

cINTERMEDIATE VERSUS END SUPPORT 



Sect ion 7.2.3, ind ica tes  an advantage t o  intermediate support.% 

Intermediate support appears t o  have an advantage over end 

support assuming t h a t  t h e  module design i s  no t  s ign i f i can t ly  

a f f ec t ed  by t h e  di f ferences  i n  module support conditions. , . 

. .I - 

I f  no a x i a l  loads  were imposed on' < the  s i d e r a i l s ,  t h e .  s i d e r a i l  f o r  

Case 6 would be expected t o  be of l i g h t e r  weight than f o r  C a s e  4- 

due t o  t h e  reduced bending stresses., However, t h e  s i d e r a i l s  fo r  

both Case 4 and 6 must a l s o  resist a x i a l  forces and t h e  ax i a l  

forces f o r  Case 6 a r e  l a rge r  than f o r  Case .4,  . r e su l t i ng  i n  an 

increase  of t h e  steel requirements f o r  Case 6. 

. - 4  

The . backposts f o r  Case 4 a r e  longer and more l i g h t l y  loaded than 

f o r  Case 6 . Unless optimized memkers are designed . f o r .  t h e  

backposts f o r  both cases, it would be d i f f i c u l t  t o  assess the  

changes i n  cos t  due on one hand t o  a reduction i n ' l e n g t h  (and L/r  

r a t i o )  and on t h e  other  hand t o  an increase  i n  ax ia l  load.,., , . .  . 

The f a c t  t h a t  t h e  cos t s  d i f f e r  more a t  t h e  3.6 kPa (75-psf) . load 

condit ion could be a t t r i b u t e d  t o  use of  commercially ava i lab le  

members which a r e  mre e f f i c i e n t  i n  t h e  1.7 t o  2.4 kPa (35 , t o  

50 psf)  load range than was t h e  case a t  a 3-6 kPa.(75 psf) load 

condit ion,  where t h e  commercially a v a u a b l e  members were less 

suitable.  + . . . .  . . . , , . 



7.2..3. ; . B e s t .  Girder  Suuuort 

The e f f e c t  of  sha r ing  foundations was d iscussed  i n  Sect ion 6.3.3 

and, as was i l l u s t r a t e d  ky Figure 6-20, t h e r e  is a t r e n d  f o r  

foundation costs t o  decrease with increases i n  t h e  degree of 

foundation sharing. With foundation costs a . s i g n i f i c a n t  f r a c t i o n  

of t o t a l  support  s t r u c t u r e  cost, a s  seen i n  Table 7- 1, inc reas ing  

t h e  d i s t a n c e  between foundations (and decreas ing  t h e  number of  

foundations) through use  of  long spanning .g i rde r s  is one poss ib le  

way o f .  reducing costs. Three c o m ~ a r i s o n s  are made in t h i s  

sec t ion:  t h e  b e s t  span--4. 8 o r  .9.8 meter (16 o r  32 f  out )  --f or  
. . 

4.8 meter (16 f o o t )  s l a n t  he ight  conf igura t ions ,  t h e  b e s t  span-- 

2.4' o r  4. 8 meter (8 o r  16 f  om)--f or  2 - 4  meter s l a n t  he ight  

conf igura t ions ,  and t h e  b e s t  support  ( in termedia te  or end) f o r  

2.4 meter (8. foo t )  s l a n t  he igh t  configurat ions.  

4.8 meter (16 g ~ & )  S l a n t  Heiqbt--Best S ~ a n .  Figure 7-4 compares 

t h e  c o s t s  f o r  a 4.8 meter ( 16 f o o t )  g i r d e r  span (Case 7) wi th  ,a 

corresponding design f o r  a 9.8 meter (32 foot )  g i r d e r  span 

(Case 8).  There is a c o n s i s t e n t l y  lower cost shown f o r  Case 7 as 

compared t o  Case 8. The d i f f e r e n c e  is of t h e  order  of 10 pe rcen t  

w i t h '  Case 8 a s  t h e  base. 

. 

Further studies should cons ider  4.8 meter ( 16 f o o t )  s l a n t  . he igh t  

g i r d e r  conf igura t ions  with spans '  i n  t h e  range of 2.4 t o  

4.8 meters (8 t o  16 f e e t )  to determine i f  t h e r e  i s  any advantage 



I 4.8M(l6FT) SLANT HEIGHT 
80 . -  . . 

9.8 M ( 32 FT ) SPAN 
( CASE 8 / PANEL J ) + 

' .- 
4 . 8 ~  ( 1 6 ' ~ ~  1 SPAN b 

( CASE 7 / PANEL J 1 . I .  ,, . 

9.8 M ( 32 FT ) SPAN 
( CASE 8 / PANEL J ) 

LOADING 

Fiwre 7-4 COST COMPARISON OF;,.OIRDER SPAN 

t o  spans less t h a n  4 - 8  meters .(.I 6 f e e t )  un less  t h e  . .  soiL , 

cond i t ions  a r e  n o t  as good a s  assumed. . . . . 

2.4 meter (8 f o g t )  S l a n t  Heisht--Eest Span. A s  seen  i n  Tab1.e. 7-1, 

the costs f o r  a 2.4 meter. ( 8  f o o t )  g i rde r  span ( C a s e  2) and a. 

4.8 meter ( 16 f a o t )  g i r d e r  span (Case 1) conf . igurat ions u t i l i z i n g  

end supported 2. 4 meter (8 foot)  panels  a r e  equal. . . 

2.4 meter (8  f o o t )  S l a n t  .Heisht--Best Support ( Intermediate  

o r  Endl .  F igure  7-5 compares t h e  c o s t s  of end support  (Case,-1) 

wi th  . intermediate  support  (Case 3) f o r  4.8 meter (16 foot )  g i rde r .  

spans. Case 3 is c o n s i s t e n t l y  lower c o s t  than  C a s e  1 (i-e., 

10 percent)  f o r  2.4 kPa t o  3.6 kPa (50 t o  75 psf) loading; C a s e  3 
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is near ly  equa l  i n ' c o s t  .to . C a s e  1  ' a t  1.7 kPa (35 p s f ) ,  being 

wi th in  3 percent.  

sumkry, . :  On t h e  b a s i s  of t h e  above comparisons, a 4.8 meter 

(16 foo t )  g i r d e r  -span f o r  4.8 meter (16 foot )  s l a n t  . h e i g h t  

conf igura t ions  appears advantageous al though a d d i t i o n a l  s t u d i e s  

should determine whether t h e r e  i s  any advantage in  g i r d e r  spans 

less than  4.8 meters ( 16 f e e t ) .  For  2.4 m e t e r  (8 f o o t )  s l a n t  

he ight  configurat ions,  t h e r e  is no apparent advantage t o  

decreasing t h e  . g i rde r  span, Howwr ,  .there i s  an , advantage t o  

using in termedia te  support  r a t h e r  than end support  with g i r d e r  

span . configurations. ,  



7.2.4 Best Beam Support Versus E e s t  Girdex Support 
J C a s e  6 Veqsus Case al ..- - 

'*3 

The previous s e c t i o n s  have ind ica ted  tha t  , f o r  beam support  

conf igura t ions ,  in termedia te  beam support  i s  advantageous 

(Section 7.2. 2) ; f o r  g i r d e r  . suppor t  conf igura t ions ,  4.0 meter 

(16 foo t )  g i r d e r  spans and in termedia te  panel s u p p o r t  are 

advantageous (Section 7.2 -3) . The costs of t h e s e  two 

conf igura t ions ,  Case 6/panel type  C and Case 7/panel type  J, 

respect ive ly ,  are compared i n  Figure 7-6. A t  1.7 kPa '(35 psf)  , 
.Case 7 i s  12 percent  less c o s t l y  than  C a s e  6, . A t  2.'4 kPa 

(50 p s f ) ,  Case 7 is 6 percent  less c o s t l y  than  Case 7. However, 

wi th  loads  g r e a t e r  t h a n  2.9 kPa (60. psf)  , Case 6 becomes less 

c o s t l y  than Case 7; a t  3.6 kPa (75 psf )  Case 6 i s  less c o s t l y  

than  C a s e  7. Load level ,  the re fo re ,  dictates t h e  b e s t  

configurat ion.  A t  lower loads,  t h e  g i r d e r  support  conf igura t ion  

with in termedia te  panel support  i s  advantageous., Whereas, a t  

higher loads,  t h e  beam support  conf igura t ion  'with in termedia te  

beam support  i s  advantageous. 

B e s t  S l a n t  Heiaht (Case 3 Versus Case 71 7.2.5 -- 
. . , . . . 

Girder support, a s  was descr ibed i n  Sect ion 7-2.4, , is 

advantageous f o r  lower loads ,  whereas beam support  is 

advantageous f o r  higher  loads. One remaining quest ion concerns 

optimum ' s l a n t  height,. F'i.gure: : 7-7 compares the c o s t  o i  two " 

similar g i r d e r  s u ~ p o r t  conf igura t ions ,  t h e  only d i f f e r e n c e  being 
\ ? .  . .  

s l a n t  height--a 2.4 meter (8 f o o t i s l a n t  he'ight (case 3 wi th  panel 



, 1;. 2,O 2.5 3.0 3.5 KPA 
I .  I I I r 

30 40 50 W 70 00 PSF 

80- 

% "- 
tC) 

> -- 60- 
V) 

t; 
8 50- 
> a 
E 
a 

L . .  

4.8M(16FT) SLANT HEIGHT 3 80. 

k 
8 60- , . 
> a 2 40. 2.4M(SFT) SLANT HEIGHT , 

a (CASE 3 / PANEL D ) 

BEAM SUPPORT 
(CASE 61 PANELC) 

GIRDER SUPPORT 
(CASE 7lPANEL J 1 

1, I 

1 ~ '  ,2,0 2.6 3.0 3.6 K,PA 
I I I, I I 

30 40 60 60 70 80 PSF 

LOADING 

Fiqur.! 7-7 COST COhrlPARlSON OF SLANT HEIGHTS 



type  D) versus  a 4.8 meter (16 foo t )  s l a n t  he ight  (Case 7 with 
> 

. panel  type  J) . A t  1-7 kPa-. (35 p s f ) ,  Case 7 is  5 percent les's 

c o s t l y  than  Case 3. However, w i t h  l o a d s  gzea te r  than 1.9 k ~ a  

(40 p s f ) ,  Ca.se 3 becomes less c c s t l y  than Case 7; at 2.4 k ~ a  

(50 psf )  C a s e  3 i s  5 percent  less cos t ly  t h a n  Case 7, and a t  

3.6 kPa (75 psf )  , C a s e  3 i s  10 percent  less c o s t l y  than  ~ a s e " 7 . "  

Here, again,  load l e v e l  d i c t a t e s .  t h e  b e s t  s1an.t height. ' A t  low 

loads,  a 4.8 meter (16 foo t )  s l a n t  he ight  is advantageous.. 

Whereas, a t  high loads,  a 2.4 meter (8 foot)  s l a n t  he igh t  is  

advantageous. 

7.2.6 Comparison Summary 

From the c o s t  comparisons made i n  t h e  preceding c or ti on of 

Sec t ion  7.2, it can be concluded tha t :  

Foundation sha r ing  leads  t o  lower c o s t s  

e : In termedia te  support  des igns  are less expensive than  end 
support  designs 

e Girder  support  conf igura t ions  wi th  4.8 m e t e r  ( 16 foo t  ) 
s l a n t  he igh t s  and 4.8 meter (16 foot )  g i r d e r  spans are 
less c o s t l y  than  those  with t h e  same s l a n t  h e i g h t  bu t  
with 9.8 meter (32  f o o t )  g i r d e r  spans 

The b e s t '  support  conf igura t ion  i s  load dependent 

- A t  low loading prefer red  support  f e a t u r e s  are: 
4.8 meter (16 foo t )  s l a n t  height,  g i rde r  s u g ~ o r t  
conf igura t ion  with 4.8 meter (16 foo t )  g i r d e r  span, 
in termedia te  panel  support ,  and 2-4 by 4.8 meter ( 8  by 
16 foo t )  panels. - . ,  

' - A t  high loading  p re fe r red  support  f e a t u r e s  . are: 
2.4 meter (8 foo t )  s l a n t  height ,  beam ( s i d e r a i l )  
support  conf igura t i an  with in te rmedia te  beam 



( s i d e r a i l )  support ,  and 1.2 by 2.4 meter (4  by 8 f o o t )  
end supported panels. 
.. 4.. , .- 

For loading l e v e l s  less than 1.7 kPa (35 p s f ) ,  t h e r e  is 
g r ea t  d i f f i c u l t y  i n  drawing conclusions. Should wind 
loading s t ud i e s  i n d i c a t e  loading l e v e l s  less than 
1.7 kPa (35 ps f )  a r e  poss ib le ,  add i t i ona l  .opt imizat ion 
s t u d i e s  would be needed because of t h e  uncer ta in ty  i n  
t h e  lower loading regions. 

Also, i t  should be pointed out  t h a t  a r r i v i n g  a t  s eve r a l  of  t h e  

above conclusions borders  t h e  bounds of accuracy f o r  the design 

and cos t  est imates .  

7.3 WIND FORCES 

The s tudy has shown t h a t  s t r u c t u r a l  loads a r e  a major c o s t  d r i v e r  

f o r  t h e  panels,  a r ray  s t r u c t u r e s  and foundations. A s  discussed 

e a r l i e r ,  t h e  loads i n  t h i s  s tudy were assumed t o  be uniform and 

a c t  i n  both d i r e c t i o n s  normal t o  t h e  panel  surface.. The loads 

w e r e  n o t  separated i n t o  components (e. g., dead loads,  wind, 

etc.), although wind fo rces  a r e  i m p l i c i t  i n  the upward loads. ,  

The study has  shown t h a t  t h e  l a t e r a l  (hor izon ta l ) .  f o r ce s  
' I 

concurrent with u p l i f t  f o r ce s  are t h e  m a p r d e t e r m i n a n t  f o r  

foundation c o s t s  and t he r e fo r e  are a major co s t  d r ive r  (see 

Sect ion 6.3.3) . For n a t u r a l l y  occurr ing  loads,  only wind and 

earthquake can c r e a t e  concurrent  u~ward  and sideward forces.  

Consequently, the wind loads  must be accura te ly  estimated, 

otherwise excessive a r ray  cos t s  . o r  s t r u c t u r e  f a i l u r e s  may r e s u l t ,  
.. , 



For t h e  a r r a y s  s tudied ,  there are two major, i n t e r r e l a t e d  

u n c e r t a i n t i e s  r e l a t e d  t o  wind, 

One uncer t a in ty  i s a t h e  es t ima te  of t r u e  wind v e l o c i t y  v a r i a t i o n  
. ' i?  

with he ight  akove - bade.. Typical ly ,  designs are based on 

v e l o c i t i e s  10 meters o r  more above grade &cause of  inadequate 

knowledge of wind speed v a r i a t i o n  a t  . lower e l eva t ions ,  That 

v e l o c i t y  b a s i s  i s  considered conservat ive  h c a u s e  of t h e  observed 

phenomenon tha t  wind shear  reduces ve loc i ty  with decreas ing  

height,  F igure  7-8 shows des ign  wind loads  s p e c i f i e d  by ANSI 

(Ref. 7-1) f o r .  a  wind v e l o c i t y  of  4.47 meters per  second a t  a 

height  of 9: 1 'meters (1 00 mph' a t  a he igh t  of 30 f e e t )  above 
I 

ground, A s  can be seen  on t h e  f igure ,  t h e  code makes no 

allowance f o r  decreases  i n  wind v e l o c i t y  f o r  he igh t s  h . low 

9,.1 meters.. (30 f ee t ) , .  T h i s  is due t o  unce r t a in ty -  i n  wind 
. .. 

behavior below t h i s  height.  

I 

Also included on t h e  f i g u r e  i s  t h e  pressure  ca lcu la ted  from t h e  

c l a s s i c a l  equat ion i n  which pressure v a r i e s  wi th  he ight  t o  t h e  

0.232 power. . Logically,  the lower . height  a r r a y s  would be 

impinged by lower v e l o c i t y  winds, a  f a c t o r  n o t  wi th in  t h e  scope 

of . t h i s  study.'  Further,  t h e  l o c a l  wind . v e l o c i t y  i s  considered t o  

be a f f e c t e d  by the t e r r a i n  roughness, with t h e  g r e a t e r  roughness 

genera l ly  r e s u l t i n g  i n  lower v e l o c i t i e s ,  The p l a n t  s tud ied  is s o  

l a r g e .  (about 3.6 . x 106 square meters (1.4 square  miles))  a s  t o  

produce an. equ iva len t  v e l o c i t y  reduct ion due t o  n a t u r a l  t e r r a i n  

roughness i f  wind channeling d f f e c t s  are avoided, Wind tunne l  
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t e s t i n g  v a r i e s  t h e  roughness of su r faces  upwind. of . t h e  model 

under test when t h i s  parameter is considered s i gn i f i c an t .  In  

this case, it i s  recommended t h a t  t h e  roughness. e f f e c t  of t h e  

%ray on wind v e l o c i t y  wi th in  the  a r r ay  b e  inves t iga ted .  

, . , '  

Further,  it ' is recommended t h a t  the. t e s t i n g  provide a b e t t e r  

e s t imate  of  t h e  ve loc i ty  of t h e  wind . ( tha t  approaching the  



a r r a y ) ,  a t  h e i g h t s  c l o s e r  t o  a r r a y  he igh t s  than t h e  30 f o o t  

'd '  :, : :,c> ( 10 )meter) standard,  , . $. 

U p l i f t ,  combined wi th  drag, was found t o  be  the major determinant 

of a r r a y  foundaton c o s t  f o r  whatever wind v e l o c i t i e s  assumed, i n  

e s t a b l i s h i n g  t h e  1.7, 2.4, and 3.6 kPa (35, 50, and 75 psf)  l o a d s  

f o r  t h i s  study. Typically,  l i f t  and drag vary' with t h e  

aerodynamic s h a ~ e '  as w e l l  as wind angle  o f  a t t a c k  and ve loc i ty ,  

Often, t h e  use o f  s p o i l e r s  on a i r f o i l s  i s  an e f f e c t i v e  way o f  

reducing drag  o r  l i f t  as desired,. Spo i l ing  can be e f f e c t e d  by 

one of  s e v e r a l  means t h a t  involve c r e a t i n g  l o c a l  wind pressure  

and v e l o c i t y  a reas  favorable  f o r  .either minimizing o r  maximizing 

e i t h e r  l i f t  o r  drag. For example, an a r r a y  wi th  s l o t s ' a s '  w*d 

channels between panels  or  modules w i l l  r e a c t  d i f f e r e n t l y  t o  a 

given wind ve loc i ty  t h a n  one which p resen t s  a s o l i d  f r o n t  even 

though t h e  t o t a l  s o l i d  a r e a s  are i d e n t i c a l ,  T h i s  is p a r t i c u l a r l y  
> 

t r u e  f o r  f l u t t e r i n g  induced ky turbulences,  Further ,  the 

separa t ion  angle,  between a su r face  and t h e  wind stream l i n e s  

leaving  t h e  s u r f a c e  is almost a s  an important  determinant of l i f t  

and drag  as  t h e  undisturbed wind r e l a t i v e  v e l o c i t y  and small  

d e t a i l  changes can r e s u l t  in s i g n i f i c a n t  f o r c e  changes, 

' A s  an  example of changes t h a t  can s i g n i f i c a n t l y  a l t e r  wind f o r c e s  

on a s t r u c t u r e ,  cons ider  t h e  C a s e  9 a r r a y  conf igura t ion  (see 
, 

Sect ion  6 - 2.9) . I f  an inexpensive cover f o r  t h e  s loping  back 

l e g s  were designed, t h e n  wind from t h e  nor th  would impinge on it ' 
6 :  

and c r e a t e  a downward f o r c e  which would t end  t o  .counterbalance 



u p l i f t  on t h e  leeward (south) s i d e  of t h e  s t r u c t u r e ,  A s  a  

r e s u l t ,  n e t  l i f t  may decrease and thereby decrease foundat ion 

costs.  The t radeoff  would be an inc rease  i n  s u p e r s t r u c t u r e  c o s t s  

because of the .added cover, and t h e  decrease i n  foundation c o s t s  

because of t h e  decreased l i f t .  T h i s  cover could a l s o  be a 

r e f l e c t o r  panel and i t s  a d d i t i o n  would i n c r e a s e  t h e  energy 

generated by t h e  s o l a r  panels. .Ref l e c t o r  augmented des igns  have 

been evaluated in s e v e r a l  s t u d i e s  (Refs. 3-2 and 7-2).  

Because of  t h e  c o s t  s e n s i t i v i t y  and common mode f a i l u r e  of t h e  

a r r a y  s t r u c t u r e  t o  wind f o r c e s ,  wind tqnnel  t e s t i n g  i s  

recommended f o r  opt imizing aerodynamic shape and a r r a y  c o s t s ,  as 
* - 

w e l l  qs spec i fy ing  f o r c e s  t o  be considered i n  design. 

, . 

. . 
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Sect ion  8 

CCNCLUSXONS 
. , 

This  sec t ion  p resen t s  major conclusions der ived  f r m  t h e ,  conduct 

of this study. , 

8.1 MAJOR COST DRIVERS 

Design loading  i s  found t o  be t h e  most s i g n i f i c a n t  c o s t  d r i v e r  i n  

t h e  &1,7 kPa (35 p s f )  to .  f 3 . 6  kPa (75 psf)  range considered. 

Depending on t h e  design, panel  and a r r a y  s t r u c t u r e ,  and 

foundation c o s t s  i n c r e a s e  by $20 (50%) t o  $36~112 (85%) i n  going 

from 1.7 kPa (35 psf) t o  3-6 kPa (75 p s f ) .  The percent  &st 

changes a r e  based 'on 1.7 kPa' (35 psf)  loads.. 

Increas ing  module s i z e  from 0.6 by 1.2 m (2 by 4 f t )  t o  

1.2 by 2.4 m (4 by 8 f t )  decreases  the panel ' s  es t imated c o s t  by 

$5 t o  $15/m2, depending on panel s i z e  and loading. The cost 

change i s  an inc rease  o f  about 15 t o  75 percent,  with the 

1-2 by 2.4 m (4 by 8 f t )  module panels  c o s t  as  a base. 

. 
Panel frames s u ~ p o r t e d  a t  in termedia te  p o i n t s  a long t h e i r  long 

edge a r e  est imated t o  c o s t  $3 t o  $1 l / m 2 ,  approximately 15 t o  

45 percent ,  l e s s  than  panel  frames supported a t  t h e i r .  ends, - The 

c o s t  b e n e f i t  depends on loading,  panel s i z e  and. module size.. 

However, the panels  designed f o r  t h e s e  condi t ions  are genera l ly  
. , 

s u b j e c t  t o  more coniplicated bending moment v a r i a t i o n s  and so may 



be more l i k e l y  t o  f a i l  when s e r v i c e  condi t ions d e v i a t e  from those  

assumed i n  t h e  design. % (. 1 0  - . - =  " 

Generally, 1.2 by 2.4 m (4 by 8 ft) panels  a r e  less c o s t l y  - o n  a 

normalized b a s i s  ( e m  $Anz) than  2.4 by 4.8 m (8 by 16 ft) 

panels.  The cost b e n e f i t  ranges from -91 to $12/ma, depending on 

panel  conf igura t ion  and loading. 

A prel iminary es t ima te  i n d i c a t e s  t h a t  t h e  c o s t  of a curved g l a s s  

s u p e r s t r a t e  panel conf igura t ion  would be about one h a l f  t o  one 

t h i r d  t h a t  of t h e  lowest-cost  conventional panel conf igura t ion  

evalua ted ,  depending on loading, Fur ther  study i s  needed t o  

determine i f  t h e  t o t a l  s t r u c t u r a l  c o s t  (array foundation, a r r a y  

s t ruc tuke ,  and panel  s t r u c t u r e )  would be less than  t h e  cases  

s t u d i e d  herein.  

i 

MODULES . * 8- 2 

. .  . 

The b r i e f  d n a l y s i s  conducted i n  t h i s  s tudy i n d i c a t e s  t h a t  a g l a s s  

s u p e r s t r a t e  module would be s l i g h t l y  l e s s  expensive t h a n  a metal 

s u b s t r a f  e configurat ion.  Concluding which module ' type is l e a s t  

c o s t l y  r e q u i r e s  a d e t a i l e d  study, such' a s  those  being cohdkcted 

a s  a p a r t  of J P E 1 s  Automated Array Assembly Task, 

Unlike t h e  panel  and a r ray ,  t h e  c o s t  o f  t h e  g l a s s  s u p e r s t r a t e  

module' evaluated i n  t h i s  s t u d y  is v i r t u a l l y  unaffec ted  by 

loading. This is &cause t h e  g l a s s  was cons t ra ined  t o  be t h i c k e r  



t h a n  3.2 millimeter (0.125 inch)  f o r  reasons of h a i l  r e s i s t a n c e  

and t h e  s i z e  of commercially a v a i l a b l e  tempered glass.  
I 

Severa l  methods e x i s t  f o r  c a l c u l a t i n g  t h e  th ickness  of  g l a s s  

needed t o  resist a uniform loading. Linear methods genera l ly  

overspecify t h e  requi red  thickness .  Nonlinear computer ana lyses  

l e a d  t o  more a c c u r a t e  s p e c i f i c a t i o n  of th ickness ,  but are very 

expensive t o  run. Thickness versus  loading  data der ived  from 

g laz ing  indus t ry  experience v a r i e s  among manufacturers. The 

r e s u l t s  depend on t h e  method used and i n d i c a t e  a need f o r  a mare 

c o n s i s t e n t  methodology. 

Consideration o f  t h e  economics of l i g h t  absorpt ion i n  g l a s s  

s u p e r s t r a t e s  l e a d s  t o  t h e  s e l e c t i o n  of tempered g l a s s  over  lower 

pr iced  b u t  t h i c k e r  annealed g lass .  Further ,  0.05 percent  i r o n  

drawn g l a s s  is  more economic than 0.01 pe rcen t  i ron ,  r o l l e d  g l a s s  

for present  g l a s s  pr ic ing ,  cel l  c o s t s  of $4O/m+, and p ro jec ted  

balance-of-plant c o s t s  (reduced t o  1975 0 ) ' .  With present  (1978)  

c e l l  c o s t s ,  t h e  0.01 percent  i r o n  g l a s s  should be used. , 

Experience i n  t h e  cable  i n d u s t r y  i n d i c a t e s  t h a t  some module 

encapsulat ing m a t e r i a l s  may have t o  be t h i c k e r  t h a n  requ i red  f o r  

weatherabi l i ty  i n  order  t o  provide,  long-term electrical 

i n s u l a t i o n  a t  t h e  vo l t age  l e v e l s  est imated a s  being economic f o r  

c e n t r a l  s t a t i o n  power p l a n t s  (e. g. , 1,500 v o l t s ) .  Mate r i a l  

th i cknesses  pos tu la ted  by most panel f a b r i c a t o r s  appear t o  be . 



adequate for voltage l e v e l s  current ly  being used (e. g, , less than 

500*" vo l t s )  - . - . . .  

8.3 , PANELS 

. . .  . . . . 

Panel cos t s  increase  s ign i f i can t ly  with increases i n  loading*. 

Panels supported a t  intermediate .points  along t h e i r  long edge a r e  

less cost ly  than equivalent panels s u ~ p o r t e d  a t  t h e i r  ends. 

However, f u r t h e r  ana lys i s  i s  required t o  assure t h a t  t h e  lower 
/' 

. coqt  of intermediate supported panels i s .  no t  o f f se t :  by t h e  

e f f e c t s  . of reverse  bending on , glass  thickness se lec t ion , .  t h e  

movement of t h e  support locat ion with applied loading, and 

nonuniform loading, 

. . 

A 1.2 by 2.4 m (4  by 8 f t )  module s i z e  appears t o  r e s u l t  i n  

minimum panel cos t ,  Smaller s i z e s  a r e  more aost ly  because of 

more panel s t e e l  framing. Much l a rge r  s i z e s  requ i re  t h i cke r  

g l a s s  which r e s u l t s  i n  more l i g h t  l o s t  t o  absorption and thereby, 

higher cos t s  f o r  a f ixed l e v e l  of power output- 

. 
For t h e  designs evaluated, t h e  . c o s t  . ($/m) of .1..2. ..bg:.1.4.: m. 

( 4  by.8 f t )  panels  i s  generally 1 e s s . t h a n  f o r  the .2 .4  by 4-8 m 

.(8 by 16 f t )  panels- The opposite was found i n  ;a, ,  . study by' 

~ e c h t e l '  (Ref .  ,302) f o r .  1.2 by 2.4 m ( 4  ky 8 f t )  foot  panels. 

. i n s t a l l e d  on s i n g l e  panel a r r ay  s t ruc tu re s  (as opposed t o  t h e  

four panel a r ray  s t ruc tu re s  evaluated in. t h i s  study).  A 



composite conclusion drawn from the two s t u d i e s  i s  t h a t  i n  order  

t o  be economical, s e v e r a l  smal l  panels must be i n s t a l l e d - o n  l a r g e  

a r r a y  s t r u c t u r e s  and n o t  as s i n g l e  panel  a r r a y  s t r u c t u r e s ,  

The curved s u p e r s t r a t e  g l a s s  module has  a p o t e n t i a l  for g r e a t l y  

reducing panel cos ts .  The smal l  amount of curvature  requi red  

does not reduce panel conversion ef f ic iency.  

8.4 ARRAY STRUCTURES Am FOUNDATIONS 

Array s t r u c t u r e  and foundation c c s t s  a r e  a s t rong funct ion  of 

loading, inc reas ing  a t  an average rate of $0.5/m2 per psf of 

loading. 

I n  general ,  t h e r e  is l i t t l e  d i f f e r e n c e  i n  t h e  a r r a y  

s t ruc ture / foundat ion  c o s t s  f o r  t h e  axrays evaluated,  

* .  

Foundation c o s t s  are approximately double t h e  c o s t  of t h e  a r r a y  

s t ruc tures .  Foundation c o s t s  could be reduced by reso lv ing  t h e  

loading i n t o  i ts component p a r t s  (e-g., s u b t r a c t  t h e  dead load 

from t h e  l i v e  load  u p l i f t )  ; f i n d i n g  o ther  methods t o  prevent  r a i n  

spashback (e.g., p l a s t i c  s h i e l d s )  s o  that  foundations can be set 

deeper and u t i l i z e  s o i l  r e s i s t a n c e  m o r e  e f f e c t i v e l y  ( p a r t i c u l a r l y  

for the foundat ions i n  Case 9 ) ;  and performing wind tunne l  t e s t s  

t o  more accura te ly  d e f i n e  wind f o r c e s  on s t r u c t u r e s  c l o s e  t o  t h e  

ground. 



<c 

Although caisson foundations wre not evaluated  i n  d e t a i l  (because 1; 
they  genera l ly  a r e  no t  a s  s u i t a b l e  a s  spread foot ing  foundations 

i n  gravel-type UBC Class 3 s o i l s  spec i f i ed  f o r  purposes of  t h i s  

study) , caissons may prove cos t  e f f e c t i v e  f o r  sites with a more 

cohesive type  of so i l .  I f -  

1; 
I t  was found t h a t  lower c o s t s  may r e s u l t  'from shar ing foundations E 
and using 4. 8 meter (16 foot )  g i rde r  spans as opposed t o  

9.8 meter (32 foot )  span ( f o r  4.8 meter (16 foo t )  s l a n t  heights)  .. i 
The optimum sugport condi t ions  was found t o  be dependent on 

I 
I 

loading. Also, ' c l e a r  ' conclusions cannot be drawn f o r  loadings 'of 

1.7' kPa (35 psf,) , or lower, because of t h e  ' s i m i l a r i t y  .in ., cos t s  

f o r  t h e  cases studied. . A 



Sect ion  9 

RECOMMENDATIONS . 

I n  view of t h e  r e l a t i v e  c o s t s  o f  foundations, a study should be 

made t o  f i n d  ways o f  reducing t h e i r  cos t .  The s tudy should 

inc lude  a r r a y  s t r u c t u r e s ,  t rade-offs  between structure and 

foundation cos t s ,  a reduct ion  i n  the two f o o t  minimum he igh t  

s p e c i f i c a t i o n ,  and t h e  e f f e c t  o f  pos tu la ted  nonuniform wind 

loading  f o r  l.ow he igh t  s t ruc tures . .  

In view of  t h e  l o w  foundation c o s t  f o r  Case 9, t h i s  concept 

should be pursued by parametr ica l ly  eva lua t ing  1..2 by ,2.4 m 

(4 by 8 f t )  and 2.4 by 4.'8 m (8 by 1 6  f t )  panels wi th  t h e  s h o r t  

and long  edge hor izon ta l  and with end and in termedia te  s u p ~ o r t .  

~ Further ,  s i n c e  this a r r a y  concept has  a concre te  sil l  under t h e  

lower edge o f  t h e  panel, t h e  0. 61 meter (two foot )  minimum he igh t  

t o  prevent r a i n  splashback should be reevalua ted  and poss ib ly  

reduced. Also, t h e  e f f e c t  of adding a r e f l e c t o r  panel t o  (or  

i n s t e a d  of )  t h e  back l e g  should be  evalua ted  with r e s p e c t  t o  

inc reas ing  energy output  f o r  l i t t l e  a d d i t i o n a l  c o s t  and poss ib ly  

reducing wind f o r c e s  t r a n s m i t t e d  t o  the foundations. 

The lowest cos t ,  in termedia te  supported panel  designs should be 

reevalua ted  assuming a postulated,  nonuniform wind 1 oading. 

The lowest c o s t  panel des igns  should be  evaluated f o r  frame 

materials o the r  than  steel. When eva lua t ing  'other  pane1 a 



materials, c a r e  must be taken t o  a s su re  compat ib i l i ty  w i t h  the 

a r ray  s t r u c t u r e  (e. g., galvanic  co r ros ion  between aluminum panel 

members and steel a r r a y  members could i n c r e a s e  maintenance 

cos t s ) .  

The curved g l a s s  s u p e r s t r a t e  concept should be pursued f u r t h e r  

w i t h  r e spec t  t o  manufac turabi l i ty ,  a r r a y  design and . i n s t a l l a t i o n  

requirements, and evalua t ion  of t h e  c l i p  design, l o c a t i o n  and 

s i z e  using a f i n e r  f in i te -e lement  mesh in t h e  v i c i n i t y  of the 

c l ips .  

Long term e l e c t r i c a l  i n s u l a t i o n  requirements f o r  high v o l t a g e  

a r r a y s  should be i n v e s t i g a t e d  f u r t h e r  t o  e s t a b l i s h  module c o s t s  

ve r sus  system vo l t age  and f a c i l i t a t e  s e t t i n g  optimum system 

vol tage  f o r  l a r g e  p lants .  

Since a c t u a l  performance d a t a  w i l l  be a l a r g e  f a c t o r  i n  the . '  

u l t i m a t e  determinat ion o f  module i n s u l a t i o n  requirements,  

performance tests should be i n i t i a t e d  as soon a s  poss ib le ,  To 

accomplish t h i s ,  one or more modules ( e i t h e r  e x i s t i n g  o r  s p e c i a l  

designs)  could be mounted outdoors,  biased to  about 1000 v o l t s  d c  

wi th  r e s p e c t  t o  ground, and operated t o  s imulate  t h e  a c t u a l  

condi t ions  t o  which f u l l  s c a l e  p o w e r  p l a n t .  modules w i l l  be 

subjected. Pe r iod ic  i n j e c t i o n  of t r a n s i e n t  overvol tage pu l ses ,  

followed by measurement of i n s u l a t i o n  r e s i s t a n c e  and o ther  



long-term performance of module ' i n su la t ion  systems under c e n t r a l  . 

s t a t i o n  photovol ta ic  power p lan t  condi t ions ,  

Wind loading  should be looked a t  i n  depth, When t h e  , a v a i l a b l e  

design opt ions  and t r a d e o f f s  are b e t t e r  understood, wind tunne l  

t e s t s  should be conducted to better e s t a b l i s h  t h e  f o r c e s  a c t i n g  

on s t r u c t u r e s  c l o s e  t o  t h e  ground, t h e  f o r c e  d i s t r i b u t i o n s  

r e s u l t i n g  from t h e  nonuniform wind d i s t r i b u t i o n ,  t h e  f o r c e s  on 

panels a t  t h e  edge and c e n t e r  o f  a l a r g e  a r r a y  f i e l d ,  and t h e  

e f f e c t s  of t e r r a i n  roughness discussed i n  Section 7-3, I t  is  

a n t i c i p a t e d  t h a t  the r e s u l t s  of such t e s t i n g  would allow lower 

design loads  t o  be used and thereby reduce costs .  

C r i t e r i a  f o r  h a i l  r e s i s t a n c e  should e s t a b l i s h e d  t o  allow 

comparison of var ious module des igns  on a uni.fonn basis. Such 

comparisons might include a s s e s s i n g  a h a i l  damage c o s t  penal ty  

based on t h e  r i s k  of h a i l  damage in con junct ion with panel  

replacment c o s t s  and/or insurance  c o s t s ,  
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Section 10 

NEW TECHNOLOGY 

. . 

During t h e  conduct of this Qbrk, :Bechtel found that applying t h e  

pr inc ip le s  , o f  t h e  ~ ~ h ' t o p h o t o v o l t a i c  - g l a s s  superstrate  module ' 

designs has potent ia l  to s i g n i f i c a n t l y  reduce panel c o s t s .  

Preliminary ca lcu la t ions  ind ica te  t h a t  the resu l t ing  curved g l a s s  

module .des ign@.s ,  c o n v e ~ s i o n . ~ : e f f i c i e n c y  would b e  v i r t u a l l y  '. 

i d e n t i c a l  : f o :that. of cor.responding' .Ela4i' p l a t e  designs now being - '  . 

used. . . . ' 
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COMPUTER ANALYSES 

This appendix presents  d e t a i l s  o f  t h e  nonl inear  s t r u c t u r a l  

ana lyses  summarized i n  Sect ion  4.5,. The p resen ta t ion  in t h i s  

appendix assumes t h a t  t h e  reader  h a s  some knowledge of s t r u c t u r a l  

design. i t s  terminology, and f i n i t e  element analyses. The three 

suppor t  conc'epts f o r  a 1.2 by 2.4 m (4 by 8 f t )  g l a s s  s u p e r s t r a t e  

module analyzed are:  

C a s e  I - a f l a t  g l a s s  p l a t e ,  continuously supported 
a long t h e  edges as i n - a  p i c t u r e  frame. 

C a s e  II - a f l a t '  g l a s s  p l a t e  supported a t  four  po in t s  on 
t h e  long s i d e s  by 0,.3 meter (12 inch)  long  c l ips .  

I 

C a s e  I11 - a curved g lass  p l a t e  supported a t  f o u r  p o i n t s  
on t h e  long s i d e s  by 0.3 meter (12 inch) long  cl ips .  

For a l l  three cases. t h e  p l a t e  was a 1.2 by 2..4 m ( 4  by 8 f t )  . 
4..7 m i l , l i m e t e r  (0.187 inch) thick, '  annealed g l a s s  shee t .  For 

convenience, t h e  f i g u r e  showing t h e  conf igura t ions  of  t h e s e  t h r e e  

module support  concepts i s  shown i n  Figure A-1 . 

A t  t h e  load ings  s p e c i f i e d  f o r  t h i s  study (1.7, 2.4, and 3.6 kPa 

(35, 50, and 75 psf)  ) , t h e  d e f l e c t i o n s  o f  t h e  f l a t  p l a t e s  are 

much l a r g e r  than  ' t he  th ickness  of t h e  p l a t e  ' and t h e r e f o r e  r e q u i r e  

nonl inear ,  a n a l y s e s  t o  i n d i c a t e  t h e i r  t r u e  behavior. Because of . . 

t h e  l a r g e  def lec t ions .  s i g n i f i c a n t  memkrane ac t ion  occurs along 

w i t h  the '  bending s f  the .  glass.  
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The ANSYS computer program was s e l e c t e d  f o r  the . s t r u c t u r a l  

analyses .  This  program is  c m e r c i a l l y  a v a i l a b l e  and has  had 

e x t e n s i v e u s e  throughout indus t ry .  However, c a r e  was taken t o  

v e r i f y  t h e  r e s u l t s  of t h e  banaltlses. Th i s  was' done by compadng 
:'i 

Case I r e s u l t s  +wi th  a v a i l a b l e  experimental  r e s u l t s .  
?. . After  

d i s c u s s h n s  ' wi th  ANSYS ~ ~ n s u ? t d i t s ,  . t h e  STIF53 element '"as 

s e l e c t e d  for. t h e  model. Developinent o f  t h e  model (or finite . ,  

element mesh). was based on t h e  fol lowing c r i t e r i a :  
, t . . -  : 

The mesh should b e  a p p l i c a b l e  f o r  . a l l  three cases  
analyzed.. . . 

The mesh regions  should b e  f i n e  enough t o  accura te ly  
model behavior around stress concentrat ions.  

There sho;ld be no l a r g e  a s s c t  r a t i o s  f o r  t h e  elements. 

There should be no abrupt o r  discont inuous changes i n  
, mesh. 

Symmetry should be used so  t h a t  only one q u a r t e r  of . t h e  
p l a t e  i s  analyzed.. 

The nonl inear  a n a l y s i s  uses  a combination incremental  and 

i t e r a t i v e  approach f o r  t h e  so lu t ion ,  The ANSYS program compiles 
. - - .  

the s t i f f n e s s  matrix f o r  . each loading  f o r  t h e  s t r u c t u r e  being 

analyzed, solves, .  .throu'gh matr ix  methods, f o r  t h e  displacements 

and t h e n  uses  t h e s e  displacements t o  c a l c u l a t e  and compile a new 
' 3 

s t i f  f'ness matr ix  for t h e  next  i t r a t i o n  or load increment. These 

s t e p s  are repeated f o r  e i t h e r  a s p e c i f i e d  number of . i t e r a t i o n s  o r  . 

u n t i l  a d e f l e c t i o n  t o l e r a n c e  is  m e t .  The a n a l y s t  usua l ly  14mits 

t h e  number of i t e r a t i o n s  i n  o rde r  t o  con t ro l  costs. The degree 

of convergence o f  t h e  s o l u t i o n  with inc reas ing  numbers of  
. . 



i t e r a t i o n s *  I can be judged by checking equi l ibr ium 'and changes . i n  

the repor ted  displacements. Pe r f ec t  convergence would genera l ly  

r equ i r e  a wry l a r g e  number of so lu t i ons  o f  t h e  s t r u c t u r a l  system 

and become very I cos t ly .  The r e s u l t s  repor ted  here  represerit  a 

so lu t i on  es t imated  t o  be within 10 percent  o f  pe r f ec t l y  converged 

values. 

2 

The stresses repor ted  and p l o t t e d  he re in  a r e  p r i n c i p a l  stresses. 

I n  t h e  s t r e s s  p lo t s ,  an "X" i n d i c a t e s  maximum t e n s i l e  stress'es 

and an "011  i nd i ca t e s  maximum compressive stresses. , Similarly. ,  

for displacement p lo t s ,  a n  "XI1 i n d i c a t e s  maximum ~ o s i t i v e  

displacement and an "0" i n d i c a t e s  maximum negat ive  displacement. 

Dashed l i n e s  i n d i c a t e  a zero stress o r  change i n  the s i g n  of '  t h e  

f i e l d  be ing ,p lb t t ed .  For C a s e  I, t h e  cen te r  stress p l o t t e d  ' i s  

t h a t -  c a l cu l a t ed  from in t e rpo l a t ed  moments and loads  ( l l t ract ior is")  
.. c 

which are repor ted  a t  t h e  element centroids.. 

A;. 1 CASE I - PICTURE FRAME CONCEPT 
- .  , . 

A 1.2 by 2.4 m (4 by 8 f t )  g l a s s  s u p r s t r a t e  module was s e l ec t ed  

f o r  t h e  analys is .  because it was one of t h e  s i z e s  being evaluated 

i n  t h e  s tudy  and kecause experimental da ta  was ava i l ab l e  for th is  

s i z e  (Ref, 4-22). The 4.7 m i l l i m e t e r  (0,187 inch) th ick ,  

annealed g lass l  w a s  s e l e c t e d  t o  allow comparisons t o  be made wi t31  

t h e  experimental data.  
. : , .  ' , .  - .  . 

. . :  , . ",. . - .  



The experimental  da ta  i n d i c a t e d  that h igh  stress concen t ra t ions  

w i l l  . be presen t  near t h e  co rne r  of t h e  p l a t e  (e, g, , coordina tes  

X=,5I1, Y=S1) , Similarly, ,  high stresses ,can reasonably be expected 

t o  occur near t h e ,  c l i p  .supports f o r  Cases .I1 and? 111. Thus, a 

f i n e  .. mesh i s  requi red  i n  these,  regions.  To ,reduce computer run 

t i m e s ,  a coa r se r  mesh w a s  used f o r  t h e  i n t e r i o r  reg ions  of . t h e  

p l a t e  where lower, less r a p i d  changes i n  stress l e v e l s  are 

expected t o  occur. The f i n i t e  element mesh used f o r  Case I i s  

shpwn i n  Figure A-2, 

, . , . 
The model was v e r i f i e d  i n  two ways- Comparisons were made with .a 

closed form s o l u t i o n  (Ref- 4-19) and with e x p r i m e n t a l  d a t a  (Ref, 

4-22). F igure  A-3 shows experimental  and computer c a l c u l a t e d  

stress l e v e l s  a s  a funct ion  of appl ied  load, Computer c a l c u l a t e d  

stress l e v e l s  a r e  shown f o r  both t h e  c e n t e r  (mesh element 260, 

Figure A-2) and t h e  Itcorner" (mesh. element 53) of t h e  p la te . .  A s  

can be seen  from t h e  f i g u r e ,  t h e  p o i n t  of h ighes t  stress changes 

from t h e  c e n t e r  o f  t h e  p l a t e  t o  t h e  corner  of t h e  p l a t e  as 

loading is increased-  Also ev iden t  is  t h e  good agreement with 

a c t u a l  s t r e s s  l e v e l s  measured i n  PPGt,s experiments, . , I  

, . .  , . .  
? . . " .  . - , . .  

Figure .  A-4 . shows . .  displacement,s versus loading  as c a l a u l a t e d  by+ 

l i n e a r  methods, t h e  nonl inear  ANSYS program, and: froin 

experimental  zz . data. ,. A s  with t h e  stress l e v e l s , .  there is .  good* 

agreement between t h e  ANSYS c a l c u l a t e d  displacemenfs and , t h o s e  

measured by PPG. The stresses f o r  t h e  top and bottom sur face  are B 
c a l c u l a t e d  i n  t h e s e  analyses  and a r e  a l s o  resolved i n t o  p r i n c i p a l  
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stresses. The contours o f  maximum and minimum princ ipal  stresses 

are  shown i n  Figure A-5 t o  A-8 for t h e  t o p  and bottom surfaces.  

In these  p l o t s  the  p o s i t i v e  s t r e s s e s  are  t e n s i l e  and t h e  negative 

stresses are compressive. The corre~sponding de f l ec t ion  contours 

f o r  the' success ive  load s t e p s  a r e  shown i .n  ~ i ~ u r e  A-9. 
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... . . (30 PSFl 

r 

MINIMUM STRESS, BOTTOM NOT PLOTTED FOR 60 PSF . 

3.8 KPA 
(76 PSFl 

Fipun A-7 CASE I - MINIMUM PRINCIPAL.STRESS,.BOTTO-M OF,PL,bTE . ,  . c r  ...: 
. . " .  . 3 . .  . . I , I  
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LOAD - 

0.98 KPA 
(20 PSF) 

1.4 KPA 
(50 PSF) 

. 

MAXIMUM STRESS, BOTTOM NOT PLOTTED FOR 60 PSF 

3.6 KPA 
(76 PSF) 

Figure A-8 CASE I - MAXIMUM PRINCIPAL~STRESS.BOTTOM OF PLATE 
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, LOAD ~ s i i - i ~ ; : ~  . J r i c  : - 
. . 

. - ; , . , , .  - . . . . I .  . -. i 

. . 
.' ..... c ; , . - , - :  

,. 4 i  : -  ' I . .  ' 

. .. .- , . . .  
. h  .. . - a  . 

1.4 KPA ' I .  

(30 PSF) 

Figure A-9 CASE I - PERPENDICULAR DISPLACEMENT 
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3.6 KPA 
(75 PSF) 



Put t ing  t h e  f l a t  p l a t e  on four '  c l i p  supports  i n s t e a d  of on t h e  

continuous .-,suFFort causes -. . . a more severe stress state. Reaction 

forces  become 'concent ra ted  a t  - t h e  . c l i p s  and t h i s  g ives  l o c a l  
. - . .  

stress concent ra t ions  . . i n  t h e .  .. p l a t e .  Hence, even a t  0.4 8 kPa 
. ,  .. . 

(10 psf)  loaa ing  t h i s  p l a t e  had stress l e v e l s  that were not 

reached i n  Case I unt i l . . loads  had reached 0.96 kPa (20 psf )  t o  

2..4 kPa (50 p s f ) .  Accordingly t h e  ana lyses  were not extended t o  

loadings higher  than  0.. 48 kPa (10 p s f )  . 

The p r i n c i p a l  stress contours  a r e  shown i n  Figure  A-10 f o r  
. .  , 

0.48 kPa (:l.Oipsf). . . 
. . . ,  

:*,:.~ . , , ,  . ~> .. . 

A. 3 CASE 111 - CURVED, CLIP SUPPORTED CONCEPT 

A modified mesh was used i n  the -  a n a l y s i s  of t h e  curved c l i p  

supported p la te .  The mesh and model behavior was v e r i f i e d  by 

modeling t h e  p l a t e .  analyzed a s  p r t  of an i n f i n i t e l y  long 

cyl indrical ' ,*  .. s h e l l  . r i g i d l y  supported a long t h e  long edge.. The 
' 3 .  

r eac t ions  compared very c l o s e l y  t o  those  c a l c u l a t e d  by hand. 
. .. 

Since o t h e r  c a l c u l a t i o n s  had. ind ica ted  t h a t  t h e  r e s u l t s  would be 

sens i t ive  t o  t h e  k ind  of edge s u ~ p o r t ,  a design w a s  developed 

which provided f a i r  r i g i d i t y  tangent  t o  t h e  plane of curvature  a t  

t h e  edge. 



MINIMUM STRESS, 
TOP OF PLATE 

. . 

MAXIMUM STRESS, 
TOP OF PLATE 

I !3,, , . MINIMUM,STRESS, 
', BOTTOM OF PLATE 

MAXIMUM STRESS, 
BOTTOM OF PLATE 

Figure A-10 CASE II - PRINCIPAL STRESSES A T  0.48 KPA (10 PSF) 
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A s tudy of t h e  l i n e a r  e l a s t i c  a n a l y s i s  done f o r  v e r i f i c a t i o n  of 

this model revealed i n  plane tinsile r e a c t i o n  forces.. Since t h e  

c l i p  design wouldn't, support  th i s  type  of loading, t h e  nodes a t  

t h e '  edges of elements 80, 85, 10 1, a n d  106 (see Figure  A- 11) were 
: ; - 

j I 
.- , -> , ; "- 

r e l eased  i n  t h e  in-biane d i rek t ion .  This r e s u l t s  in nodes 
\ 

connecting elements 59  'and 64 . and . 122 and 127 ca r ry ing  jll the., 

in-plane t h r u s t .  s i n c e  t h e  response '  . - of t h e  p l a t e  might be 

s e n s i t i v e  t o  f l e x i b i l i t y  i n  the supports ,  a l l  c l i p  nodes have 
., , 

s p r i n g  suppor ts  normal t o  t h e  s h e l l ' s  su r face  a long with sp r ings  

r e s t r a i n i n g  motion p a r a l l e l  t o  t h e  long edge. The sp r ings  

represent :  .a :6 0.-durometer gasket  material, The f i n i t e  element 
, " 

I : .  . I; 
mesh of t h e  curved p l a t e  i s  shown i n  Figure A-11. 

Providing some curvature  t o  t h e  o therwise  f l a t  p l a t e  i n c r e a s e s  

the s t r u c t u r a l  s t i f f n e s s .  This  is because compressive membrane 

stresses are induced by arching  under downward loads,. The 

r e s u l t s  show _the  increased  s t i f f n e s s  due t o  the expected, arch 
7 - .. , 

action;.'. ,; ~ h . e  " reduct ion  i n  stress and displacements compared t o  
.. , C  i .  . 

t h e  f l a t  p l a t e  a r e  shown i n  Figures  Awl2 and A-13, r e spec t ive ly .  

T h i s  a l s o  i n f e r s  a  . reduct ion in , t h e  nonl inear  act ion.  The 

analyses  ca lcu la ted  t h e  stresses. a t  both ' surf  aces  and then 

resolved t h e s e  i n t o  p r i n c i p a l  s t r e s ses .  The contours of maxlmum 
/ 

and minimum p r i n c i p a l  stresses are shown i n  Figures  A-14 t o  A-17. 

The contours  o f  displacements f o r  each load .step are given i n  
;~ '< .< ; ' 

Figure  A- 1 8'- ' . ,' . 
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Figrm A-11 FINITE ELEMENT LAYOUT FOR CASE III 



KPA 

PSF 

LOADING (PSF) 

Figure 8-12 CASE Ill TENSILE STRESS VERSUS LOADING 
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. a 

' j' CASE I 
CENTER OF PLATE 

4 

LOADlNa . 

Flgun A-13 CASE Ill DISPLACEMENT VERSUS LOADING . . 



LOAD - 
0.86 KPA 
(20 PSF) 

1.7 KPA 

.. , : . . 
' (36 PSF) 

2.4 KPA 
(60 PSF) 

3.6 KPA 
(75 PSF) 

Figuro A-14 CASE Il l  - MINIMUM PRINCIPAL STRESS, TOP OF PLATE 
\ 

2 0 5  . '  



LOAD 

0.96 KPA 
(20 PSF) 

I -128 

1.7 KPA 
(35 PSF) . 

I -181 

2.4 KPA 
(50 PSF) 

1 -258 

3.6 KPA 
(75 PSF) 

~ i ' ~ u r e  A-15 CASE Ill - MAXIMUM PRINCIPAL STRESS, TOP OF PLATE 



LOAD 

0.W KPA 
(20 PSF) 

1.7 KPA 
(35 PSF) 

2.4 KPA 
(60 PSF) 

3.6 KPA 
(75 PSF) 

Figure A-16' CASE Il l  - MINIMUM PRINCIPAL STRE-, BOTTOM,OF PLATE 
', . . . 
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LOAD 

0.96 KPA 
(20 PSF) 

1.7 KPA 
' (36 PSF) 

2.4 KPA 
(60 PSF) 

Figure A-17 CASE Ill - MAXIMUM PRINCIPAL STRESS, BOTTOM OF PLATE 

2 08 



LOAD - 

036 KPA 
(20 BSF) 

1.7 KPA 
(35 PSF) 

2.4 KPA 

. ;--, (50 PSF) 

I .  \ 

I , 
I \ 

3.6 KPA 
(75 PSF) 

0 
Figure A-1.8' CASE'III, -:'RADIAL DISPLACEMENT i ,. . . .! 
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