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Significance
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Lightning interception by an unprotected building 30 feet high x 45 feet long on flat land, in the Cleveland

area, can be estimated at one strike per 200 years on the average.  However, peculiar configuration can

easily affect this estimate upward or downward.  Means are available to install air terminals so that

interception will be done by these, without harm to the roof-mounted photovoltaic array.  Economic trade-

off on the decision to invest in a lightning protection system during the life of the development project must

also include intangible factors such as schedule delays and postmortem apologies for insufficient

protection.



LIGHTNING PROTECTION 

FOR ROOF-MOUNTED SOLAR CELLS 

1 . 0  INTRODUCTION 

This d i s c u s s i o n  i s  p re sen t ed  a s  an i n t r o d u c t o r y  g u i d e l i n e  

t o  a l e r t  sys tem d e s i g n e r s  and p rov ide  a b a s i c  unders tand ing  of 

t he  phenomena governing t h e  t echniques  o f  l i g h t n i n g  p r o t e c t i o n .  

No d e f i n i t i v e  numerical  p r e d i c t i o n  i s  g iven a t  t h i s  t ime ,  pending 

a v a i l a b i l i t y  of  a r c h i t e c t u r a l  d e t a i l s ;  an example o f  e s t i m a t e d  

i n t e r c e p t i o n  r a t e  i s  given f o r  an assumed b u i l d i n g  i n  t h e  

Cleveland a r e a .  

A b r i e f  d e s c r i p t i o n  i s  g iven  of t h e  l i g h t n i n g  phenomena, 

a s  w e l l  a s  of t h e  b a s i c  concepts  which need t o  be unders tood f o r  

e f f e c t i v e  a p p l i c a t i o n  of p r o t e c t i v e  t echn iques .  Preven t ion  of 

d i r e c t  e f f e c t s ,  t h a t  i s ,  t h e  e f f e c t s  a s s o c i a t e d  w i th  c u r r e n t  f low 

i n  t h e  system, t o  be avoided,  i s  f i r s t  d i s c u s s e d .  I n d i r e c t  

e f f e c t s  a r e  a l s o  mentioned, and t h e  document i s  completed by a  

b ib l i og raphy  f o r  f u r t h e r  r ead ing  by i n t e r e s t e d  d e s i g n e r s ,  and 

an Appendix d i s c u s s i n g  i n  more d e t a i l  t h e  h i s t o r y  and r a t i o n a l e  

of t he  cone of p r o t e c t i o n  concep t .  



2 . 0  L I G H T N I N G  PHENOMENA 

The phenomenon of l i g h t n i n g  has been t h e  s u b j e c t  of 

i n t e n s i v e  s tudy  by many workers ( see  b ib l iography)  and i t s  

behavior  i s  f a i r l y  p r e d i c t a b l e  i n  g e n e r a l  terms,  a l though 

the  exac t  d e s c r i p t i o n  of s p e c i f i c  i n c i d e n t s  i s  n o t  p r e d i c t -  

a b l e .  P r o t e c t i o n  a g a i n s t  l i g h t n i n g  e f f e c t s  inc ludes  two 

c a t e g o r i e s :  d i r e c t  e f f e c t s  concerned w i t h  t h e  energy,  

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

e f f e c t s  concerned wi th  induced overvol tages  i n  n e a r l y  e l e c t r i c a l  

and e l e c t r o n i c  systems.  

Claims t o  t h e  c o n t r a r y  no twi ths tand ing ,  t h e r e  i s  no con- 

c l u s i v e  evidence t h a t  l i g h t n i n g  can be prevented .  Consequently,  

one has t o  des ign  and implement a  f a c i l i t y  t o  recognize  t h e  

p o s s i b i l i t y  of a  l i g h t n i n g  s t r i k e ,  and t ake  a p p r o p r i a t e  

measures t o  make t h i s  s t r i k e  harmless .  Lightning p r o t e c t i o n  

i s  then  an approach where one can make t h e p r o p e r  moves i f  t h e  

c h a r a c t e r i s t i c s  of t h e  enemy a r e  a n t i c i p a t e d .  

Two concepts  must be understood t o  apply e f f e c t i v e  l i g h t -  

ning p r o t e c t i o n  devices  : t h e  "cone of p r o t e c t i o n "  and t h e  

" s t r i k i n g  d i s t a n c e . "  These w i l l  be  d i scussed  wi th  some d e t a i l  

i n  t h e  fo l lowing pages.  Other fundamentals of e l e c t r i c i t y  

such a s  t h e  impedance of a  c i r c u i t  t o  f a s t - chang ing  c u r r e n t s  

impulses a r e  assumed f a m i l i a r  t o  t h e  r eader .  

We w i l l  f i r s t  review c u r r e n t  t h e o r i e s  on t h e  formation 

of l i g h t n i n g ,  then  go on t o  t h e  concept of t h e  cone of pro-  

t e c t i o n  and s t r i k i n g  d i s t a n c e .  The fo l lowing d e s c r i p t i o n s  

a r e  based on t h e  work and papers  of F i s h e r ,  Cianos 6 P i e r c e ,  

and Golde. 

2 . 1  Generat ion of t h e  l i g h t n i n g  f l a s h  

The energy t h a t  produces l i g h t n i n g  i s  provided by warm 

a i r  r i s i n g  upward i n t o  a  developing cloud.  In  d e t a i l ,  

s e v e r a l  t h e o r i e s  va ry ,  b u t  a l l  a r e  based on t h e  observed 

evidence t h a t  t h e  cloud,  except  f o r  t h e  t o p ,  i s  n e g a t i v e ,  w i t h  



METERS 

8000 

F igu re  2-1 

General i zed  diagram showing d i s t r i b u t i o n  o f  a i r  cu r ren t s  
and e l e c t r i c a l  charge d i s t r i b u t i o n  i n  a  t y p i c a l  cumulonimbus 

a  smal l  body of p o s i t i v e  charge nea r  t h e  f r o n t  base  of  t h e  

c loud.  F igure  2 . 1  shows a  t y p i c a l  cloud d i s t r i b u t i o n  of 

cha rges ;  t h e  s o l i d  l i n e s  r e p r e s e n t  t h e  d i r e c t i o n  of  t h e  a i r  
movement i n  t h e  c loud ,  w i th  t h e  c loud moving from r i g h t  t o  

l e f t .  As t h e  cloud pas se s  over a  p o i n t  on t h e  ground, an 

e l e c t r i c a l  charge i s  a t t r a c t e d  under t h e  c loud on t h e  ground. 

The average e l e c t r i c  f i e l d  a t  t h e  s u r f a c e  of t h e  ground w i l l  

change from i t s  f a i r - w e a t h e r  va lue  of  about 300 v o l t s / m e t e r  

t o  s e v e r a l  thousand v o l t s / m e t e r .  The g r a d i e n t  w i l l  be concen- 

t r a t e d  around sharp  p ro t rud ing  p o i n t s  on t h e  ground, and can 

exceed t h e  breakdown s t r e n g t h  of  a i r ,  t y p i c a l l y  30 kV/cm. 

However, t h e  f i r s t  s i g n i f i c a n t  even t  toward format ion of 

a  l i g h t n i n g  f l a s h  occurs  a t  t h e  c loud.  A slow-moving column 

of i o n i z e d  a i r  forms a t  t h e  c loud ,  c a l l e d  p i l o t  s t r eamer ,  

moving by s t e p s  of 30 t o  50 mete rs ,  and fol lowed by a  more 

i n t e n s e  d i s cha rge  c a l l e d  s t e p - l e a d e r ,  because of t h e  d i scon-  

t inuous  p roces s  of i o n i z a t i o n  and f i l l i n g  of t h e  column wi th  

charged p a r t i c l e s .  



The s t e p - l e a d e r  does n o t  move i n  s t r a i g h t  l i n e  towards 

t h e  ground, b u t  s e e k s  o u t  t h e  p a t h  w i t h  l e a s t  e l e c t r i c a l  r e s i s -  

t a n c e ,  producing  t h e  f a m i l i a r  z i g - z a g  p a t t e r n  of  t h e  f i n a l  s t r o k e ,  

w i t h  b ranches  a s  s e v e r a l  p a t h s  may be formed i n  t h e  p r o c e s s  of 

s e a r c h i n g  a  weak p a t h .  The i n t e r v a l  between t h e  s u c c e s s i v e  

s t e p s  i s  about  50 microseconds ,  a l lowing  p r o g r e s s i v e  b u i l d - u p  

of  cha rges  on t h e  ground a s  t h e  charged column advances toward 

t h e  ground.  F i n a l l y ,  a  s t a g e  i s  reached w i t h  t h e  s t e p - l e a d e r  

b e i n g  one s t e p  on ly  away from t h e  ground,  when t h e  l a s t  s t e p  

i s  completed,  e i t h e r  by c o n t i n u a t i o n  of t h e  p r o c e s s ,  o r  by meet ing 

a  l e a d e r  of  p o s i t i v e  cha rges  o r i g i n a t i n g  from t h e  ground.  We 

w i l l  d i s c u s s  t h e  i m p l i c a t i o n s  of  t h i s  i n  some d e t a i l  i n  t h e  

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

With t h e  p a t h  now completed,  a  p o s i t i v e  charge  then  f lows 

upward from t h e  ground i n t o  t h e  n e g a t i v e  channel  l e f t  i n  t h e  

wake o f  t h e  s t e p - l e a d e r ,  n e u t r a l i z i n g  t h e  charge  i n  t h i s  channel  

and moving a t  roughly  one t h i r d  of  t h e  speed  o f  l i g h t .  Th i s  i s  

what c o n s t i t u t e s  t h e  l i g h t n i n g  s t r o k e ,  c a r r y i n g  t h e  c u r r e n t  a t  

peaks of 1000 t o  100,000 amperes,  w i t h  a  decrement t o  h a l f -  

v a l u e  i n  t h e  o r d e r  of  50 microseconds .  The f i r s t  one of t h e s e  

which occur s  i n  a  f l a s h  i s  c a l l e d  t h e  r e t u r n  s t r o k e .  

The f i r s t  r e t u r n  s t r o k e  n e u t r a l i z e s  t h e  i o n i z e d  column a s  

w e l l  a s  a  s m a l l  pocke t  of changes i n  t h e  c loud ;  a  second o r  more 

r e t u r n  s t r o k e s ,  sometimes c a l l e d  r e - s t r i k e s  o r  subsequent  

s t r o k e s ,  can t a k e  p l a c e ,  u s i n g  t h e  same i o n i z e d  channe l ,  b u t  

moving much f a s t e r .  Thus,  a  s e r i e s  of  s t r o k e s ,  such a s  

shown i n  F igure  2 . 2 ,  can  occur  i n  an  i n t e r v a l  i n  t h e  o r d e r  of 

a  second.  Each of  t h e s e  s t r o k e s  i n c r e a s e s  from a  v e r y  low q u i -  

e s c e n t  v a l u e  t o  a  v e r y  h i g h  ampl i tude  i n  a  v e r y  s h o r t  t i m e ,  

r e s u l t i n g  i n  r a t e s  of c u r r e n t  change up t o  1 x 1011 amperes/second.  

When v e r y  t a l l  o b j e c t s  a r e  p r e s e n t ,  a  s t e p - l e a d e r  can 

a c t u a l l y  o r i g i n a t e  from t h i s  o b j e c t ,  and t r a v e l  upward t o  t h e  

c l o u d ,  r a t h e r  than  t h e  more g e n e r a l  c a s e  of  downward-moving 

l e a d e r .  Subsequent c h a r g e s ,  however, w i l l  be  s i m i l a r ,  t h a t  i s ,  

move i n  t h e  i o n i z e d  channel  l e f t  by t h e  f i r s t  d i s c h a r g e .  



F i g u r e  2-2 

Diagram o f  t h e  development o f  a l i g h t n i n g  f l a s h  

(a) Recording by convent iona l  f i x e d  camera 
(b) Recording by camera w i t h  moving f i l m  

r e s o l v i n g  the  progress o f  t he  leaders 
( A f t e r  ~ c h o n l  and) 

I n  a d d i t i o n  t o  t h e  s h o r t  ( t e n s  o f  mic roseconds )  d i s c h a r g e s  

j u s t  d e s c r i b e d ,  a  low a m p l i t u d e  c u r r e n t  can  e x i s t  between t h e  

i n d i v i d u a l  s t r o k e s .  Al though low i n  a m p l i t u d e  ( a  few hundred  

a m p e r e s ) ,  t h e  l o n g  d u r a t i o n  o f  t h i s  c o n t i n u i n g  c u r r e n t  ( t e n s  

t o  hundreds  o f  m i l l i s e c o n d s )  i s  s i g n i f i c a n t  b e c a u s e  o f  i t s  

t o t a l  c h a r g e ,  r e s u l t i n g  i n  most o f  t h e  b u r n i n g  and m e t a l - m e l t i n g  

e f f e c t s  o f  a  l i g h t n i n g  f l a s h .  

The wave form and a m p l i t u d e  o f  l i g h t n i n g  s t r o k e  and c o n t i n u  

i n g  c u r r e n t s  v a r y  over  s u c h  a  wide  r a n g e  t h a t  i n f o r m a t i o n  h a s  

t o  be  p r e s e n t e d  i n  s t a t i s t i c a l  form; Cianos  G P i e r c e  have  

p u b l i s h e d  a  comprehens ive  s e t  o f  s t a t i s t i c s ,  from which t h e  

d a t a  o f  F i g u r e s  2 - 3  t h r o u g h  2 - 8  a r e  d e r i v e d ,  g i v i n g  t h e  r e a d e r  

a  f e e l  f o r  t h e  o r d e r s  o f  magni tude  i n v o l v e d .  
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D i s t r i b u t i o n  o f  peak c u r r e n t s  
f o r  f i r s t  r e t u r n  s t r o k e  and 
subsequent s t r o k e s  
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F i g u r e  2 -4  

D i s t r i b u t i o n  o f  t h e  number 
o f  r e t u r n  s t r o k e s  p e r  f l a s h  
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F i g u r e  2-6 

D i s t r i b u t i o n  o f  r a t e s  o f  r i s e  
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Figure 2-7 
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Figure 2-8 
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2 . 2  Frequency of  occu r r ence  

One of t h e  major f a c t o r s  t o  c o n s i d e r  i n  de t e rmin ing  t h e  

p r o b a b i l i t y  o f  l i g h t n i n g  damage, and t h u s  t h e  need f o r  s t r o n g  

p r o t e c t i o n ,  i s  t h e  number o f  l i g h t n i n g  f l a s h e s  t o  e a r t h  i n  a  

g i v e n  a r e a  f o r  a  g iven  t ime.  Th i s  i s  no t  g e n e r a l l y  a v a i l a b l e ,  

and i n s t e a d  t h e  number o f  " thunders to rm days" i s  quo ted .  How- 

e v e r ,  t h i s  does a l s o  i n c l u d e  t h e  c l o u d - t o - c l o u d  d i s c h a r g e s ,  

and does  n o t  r e p r e s e n t  a n  a c c u r a t e  pa rame te r ,  s i n c e  i t  does n o t  

i n c l u d e  t h e  d u r a t i o n  and i n t e n s i t y  o f  each s to rm.  P r o g r e s s  i s  

be ing  made i n  improved s t a t i s t i c s ,  b u t  t h e s e  a r e  n o t  y e t  a v a i l -  

a b l e ,  and t h e r e f o r e  t h e  " i s o k e r a u n i c  l e v e l "  maps, showing t h e  

number of  s to rm-days  p e r  y e a r ,  i s  s t i l l  t h e  most w ide ly  used 

d e s c r i p t i o n  of  t h e  occu r r ence  d i s t r i b u t i o n .  An e m p i r i c a l  

e q u a t i o n  h a s  been d e r i v e d ,  r e l a t i n g  t h e  d e n s i t y  o f  f l a s h e s  t o  

ground and t h e  number o f  s t o rms  p e r  y e a r ,  a s  f o l l o w s :  

d e n s i t y  i n  f l a s h e s  p e r  km2 p e r  y e a r :  D 

thunders to rm-days  p e r  y e a r :  T 

D = 0.02 ~ 1 . 6  

This  co r r e sponds  t o  approx imate ly  1 f l a s h  p e r  y e a r  p e r  km2 a t  

an i s o k e r a u n i c  l e v e l  of 10 ,  and 10 f l a s h e s  p e r  y e a r  p e r  km2 a t  

a  l e v e l  o f  4 0 .  

The s i g n i f i c a n c e  of t h i s  s i t u a t i o n  i s  t h a t ,  c o n t r a r y  t o  

some p o p u l a r  b e l i e f s ,  t h e  d e n s i t y  o f  l i g h t n i n g  f l a s h e s ,  on t h e  

ave rage ,  i s  independant  o f  t e r r a i n .  However, d e t a i l  o f  t h e  

ground o b j e c t s  ( t r e e s ,  b u i l d i n g s ,  h i l l s )  w i l l  p roduce a  b i a s  

i n  t h e  l o c a l  d i s t r i b u t i o n  of t h i s  average .  

2 . 3  S t r i k i n g  d i s t a n c e  

This  d i s t r i b u t i o n  a t  t h e  l o c a l  s c a l e  i s  de te rmined  by t h e  

f i n a l  s t a g e s  o f  t h e  s t e p - l e a d e r  coming from t h e  c l o u d ,  s o  t o  

speak ,  w i t h o u t  knowing what i t  w i l l  f i n d  on t h e  ground.  Thus 

t h e  a c t u a l  p o i n t o f  t e r m i n a t i o n  can b e  somewhat c o n t r o l l e d ,  

w h i l e  t h e  p r o b a b i l i t y  o f  a  g i v e n  a r e a  t o  r e c e i v e  a  l i g h t n i n g  

s t r o k e  c a n n o t .  Th is  i s  where t h e  concep t  o f  t h e  s t r i k i n g  d i s -  

t a n c e ,  a s  e x p l a i n e d  by Golde, becomes v e r y  u s e f u l .  



A s  t h e  s t e p - l e a d e r  h a s  approached t h e  ground i n  t h e  

haphazard  p a t h  d e s c r i b e d  above,  t h e  p o i n t  i s  r eached  where 

one more s t r i k e  i n  t h e  d i s c o n t i n u o u s  p r o c e s s  w i l l  c l o s e  t h e  

p a t h .  The d i s t a n c e  between t h e  t o p  of  t h e  l e a d e r  and t h e  

o b j e c t  about  t o  be  s t r u c k  ( o r  abou t  t o  e m i t  t h e  meet ing  l e a d e r )  

i s  c a l l e d  s t r i k i n g  d i s t a n c e .  The l e n g t h  of  t h i s  d i s t a n c e  i s  

a f f e c t e d  by t h e  f i e l d  e s t a b l i s h e d  by t h e  l e a d e r ,  which i n  

t u r n  i s  de termined by t h e  amount o f  cha rges  e x i s t i n g  i n  t h e  

i o n i z e d  channel  coming from t h e  c loud .  With l a r g e  c h a r g e s  i n  

t h e  c h a n n e l ,  t h e  f i e l d  i s  more i n t e n s e ,  s o  t h a t  breakdown can  

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

t o  produce  breakdown f o r  t h e  weaker f i e l d s  e s t a b l i s h e d  by  

s m a l l e r  c h a r g e s .  F i g u r e  2 - 9  shows t h e  r e l a t i o n s h i p  between 

t h e  s t r o k e  c u r r e n t  (which r e f l e c t s  t h e  cha rge  e x i s t i n g  i n  t h e  

i o n i z e d  channel )  and t h e  s t r i k i n g  d i s t a n c e ,  a s  computed by  Golde. 

S T R O K E  CURRENT, KILOAMPERES 

S t r i k i n g  d i s t a n c e  v s  c u r r e n t  amp1 i tude 

For i n s t a n c e ,  an ave rage  l i g h t n i n g  c u r r e n t  of 25 kA would 

co r re spond  t o  a  s t r i k i n g  d i s t a n c e  o f  4 0  m e t e r s .  Thus, f o r  an 

ave rage  s t r o k e ,  d e t a i l s  o f  t h e  t e r r a i n  do n o t  a f f e c t  t h e  p o i n t  

of  t e r m i n a t i o n  of  t h e  s t r o k e  beyond t h i s  d i s t a n c e ,  b u t  o n l y  

w i t h i n  t h i s  d i s t a n c e  w i l l  t h e r e  be a  r a c e ,  o r  a  c o m p e t i t i o n ,  a s  

t o  which p o i n t  w i l l  r e c e i v e  t h e  f l a s h ,  o r  i n v i t e  it by s e n d i n g  

a  meet ing s t r e a m e r .  Converse ly ,  ve ry  low ampl i tude  f l a s h e s  



have an  even s h o r t e r  s t r i k i n g  d i s t a n c e ,  meaning t h a t  t h e y  w i l l  

i g n o r e  " a t t r a c t i v e "  p o i n t s  o f  t e r m i n a t i o n ,  e x p l a i n i n g  some o f  

t h e  more p u z z l i n g  e x c e p t i o n s  t o  t h e  g e n e r a l l y  assumed e f f e c t  

o f  t a l l . s t r u c t u r e s ,  r o d s ,  e t c .  I n  o t h e r  words ,  once a  l i g h t n i n g  

s t e p - l e a d e r  h a s  approached t h e  ground w i t h i n  j u s t  s h o r t  of  t h e  

s t r i k i n g  d i s t a n c e ,  no amount o f  d e v i c e s  beyond t h e  s t r i k i n g  d i s -  

t a n c e  w i l l  have any e f f e c t  on t h e  o c c u r r e n c e  of t h e  s t r o k e ,  j u s t  

t h e  d e t a i l s  o f  t h e  a r e a  w i t h i n  t h e  s t r i k i n g  d i s t a n c e  w i l l  

d e t e r m i n e  t h e  p o i n t  o f  t e r m i n a t i o n ;  t h e  a r e a  i s  committed t o  

r e c e i v e  t h e  s t r o k e ,  and i t  i s  now up t o  t h e  humans c o n t r o l l i n g  

t h e  shape  o f  t h e  o b j e c t s  on t h e  ground t o  p r o v i d e  a  l e a s t  harm- 

f u l  p o i n t  o f  t e r m i n a t i o n ,  and make i t  most a t t r a c t i v e  t o  t h e  

approach ing  l e a d e r  ( " t ake  me t o  your  l e a d e r "  . . . )  

A number o f  pho tographs  have been  c o l l e c t e d ,  and r e p o r t e d  

i n  t h e  l i t e r a t u r e ,  showing a  l i g h t n i n g  f l a s h  approach ing  t h e  

ground i n  a  somewhat wander ing  b u t  g e n e r a l l y  downward d i r e c t i o n ,  

b u t  w i t h  a  s h a r p  " t u r n "  n e a r  t h e  lower  p a r t  o f  t h e  p a t h .  T h i s ,  

a c c o r d i n g  t o  t h e  s t r i k i n g  d i s t a n c e  j u s t  d e s c r i b e d ,  can  b e  r e a d i l y  

e x p l a i n e d  a s  b e i n g  t h e  p o i n t  where t h e  downcoming s t e p - l e a d e r  

met t h e  upcoming l e a d e r  from t h e  ground.  A pho tograph  o f  a  

p a r t i c u l a r l y  c l e a r  o c c u r r e n c e  of  t h i s  w i l l  b e  found i n  t h e  

Appendix. 

We a r e  now ready  t o  t a c k l e  t h e  c o n c e p t  of  t h e  "cone o f  

p r o t e c t i o n , "  h a v i n g  u n d e r s t o o d  how t h e  s t r i k i n g  d i s t a n c e  c o n c e p t  

can  e x p l a i n  some o f  t h e  o t h e r w i s e  u n e x p l a i n e d  e x c e p t i o n s  t o  t h e  

g e n e r a l l y  a c c e p t e d  and v e r i f i e d  p r o t e c t i o n  a f f o r d e d  by p r o j e c t i n g  

o b j e c t s ,  n a t u r a l  o r  a r t i f i c i a l .  

2 .4  Cone o f  ~ r o t e c t i o n  

From t h e  days  o f  Benjamin F r a n k l i n ,  t h e  concep t  o f  a  cone 

o f  p r o t e c t i o n  h a s  been  used  t o  p r o v i d e  e f f e c t i v e  p r o t e c t i o n  o f  

o b j e c t s  w i t h i n  t h e  c o n e .  B r i e f l y ,  t h i s  c o n c e p t  s t a t e s  t h a t  ob- 

j e c t s  c o n t a i n e d  w i t h i n  a  cone of  1:l o r  1 : 2  r a t i o  o f  h e i g h t  t o  

r a d i u s  ( F i g u r e  2-10) w i l l  n o t  r e c e i v e  t h e  l i g h t n i n g  s t r o k e ,  b u t  

t h a t  t h e  o b j e c t  a t  t h e  apex  o f  t h e  cone w i l l .  I n  t h e  e l e m e n t a r y  



GROUNDED CONOUCTOR 

Figure A. 

Cone of Protection Frovided by a Vertical Grounded Conductor. 

SUPPORT MAST 

Figure B. HM = Height of  Mast.  

Zone  of Protection Provided by a Horizontal Aerial Ground W i r e .  

F i g u r e  2-10 

Cones o f  p r o t e c t  i o n  ( f r om  NFPA 78- 1975) 

c o n c e p t ,  o n l y  one p r o j e c t i n g  o b j e c t  above a  ground p l a n e  i s  

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

b u i l d i n g s ,  m u l t i p l e  cones  w i l l  b e  o r  s h o u l d  b e  c o n s i d e r e d .  

H i s t o r i c a l l y ,  a  1 : 2  cone  was c o n s i d e r e d  a c c e p t a b l e .  How- 

e v e r ,  some e x c e p t i o n s  t o  t h e  " r u l e t t  o f  p r o t e c t i o n  ( a s  i f  Zeus 

s h o u l d  a b i d e  by " r u l e s t t )  have  r e c e n t l y  l e d  t o  a more c o n s e r v a -  

t i m e  u s e  o f  a  1 : l  cone  o f  p r o t e c t i o n ;  t h e  e x c e p t i o n s  c a n  be  

e x p l a i n e d  by t h e  s t r i k i n g  d i s t a n c e  c o n c e p t ,  a s  we s h a l l  now s e e .  



Low-charged step leader - High-charged step leader 

-- Upward streamer from ground - - Upward streamer from ground 

F i g u r e  2-11 F i g u r e  2-12 

T e r m i n a t i o n  o f  s t r o k e  w i t h  s h o r t  T e r m i n a t i o n  o f  s t r o k e  w i t h  l ong  
s t r i k i n g  d i s t a n c e  s t r i k i n g  d i s t a n c e  

C l a s s i c a l  "cone of p r o t e c t i o n "  r u l e  f o r  t h e  b u i l d i n g  

shown i n  F i g u r e  2 -11  would a s s u r e  t h a t  t h e  l i g h t n i n g  mas t  

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

a n  a p p r o a c h i n g  s t e p - l e a d e r .  However, i f  we c o n s i d e r  t h e  

s t r i k i n g  d i s t a n c e  shown by t h e  c i r c l e s ,  a t  e ach  s t e p  o f  t h e  

l e a d e r  advance ,  we c a n  s e e  t h a t  t h e  l e a d e r  w i l l  h a v e  i g n o r e d  

t h e  l i g h t n i n g  m a s t ,  and t h a t  a t  t h e  f a t e f u l  l a s t  d e c i s i o n  

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

w i t h i n  t h e  "cone of  p r o t e c t i o n , "  r a t h e r  t h a n  t o  g round ,  even  

l e s s  t o  t h e  l i g h t n i n g  m a s t .  The p a t h  drawn h e r e  a l s o  e x h i b i t s  



t h e  t e l l - t a l e  s h a r p  i n f l e x i o n  o f  t h e  l a s t  s t e p  mentioned above 

and o f t e n  photographed .  

By c o n t r a s t ,  t h e  s t e p - l e a d e r  drawn i n  F igu re  2 - 1 2  f o r  t h e  

c a s e  o f  a  s t r o k e  w i t h  h i g h e r  p r o s p e c t i v e  i n t e n s i t y ,  and t h u s  

l o n g e r  s t r i k i n g  d i s t a n c e ,  w i l l  t e r m i n a t e  a t  t h e  l i g h t n i n g  

mas t ,  s t a r t i n g  from t h e  same p o i n t  "A" o f  i t s  p a t h .  T h i s  

co r r e sponds  t o  t h e  c l a s s i c a l  cone of p r o t e c t i o n  s i t u a t i o n ;  i t  

i m p l i e s  t h a t  t h e  s t e p - l e a d e r  can f i n d  w i t h i n  i t s  s t r i k i n g  

d i s t a n c e  a  p o i n t  of  t e r m i n a t i o n  which i s  i n t e n t i o n a l ,  r a t h e r  

t h a n  an o b j e c t  which happens t o  b e  c l o s e  enough and shaped  

i n  a  manner promoting t h e  i n i t i a t i o n  of a  s t r e a m e r  which w i l l  

"win" t h e  r a c e  t o  meet t h e  s t e p - l e a d e r .  

F u r t h e r  ev idence  and s u p p o r t i n g  d a t a  f o r  t h e  concep t  o f  

a  cone o f  p r o t e c t i o n  w i l l  be  found i n  t h e  Appendix. 



3 . 0  DIRECT EFFECTS 

3 . 1  Conduct ion o f  c u r r e n t  t o  ground 

We have now r e a c h e d  t h e  s t a t e  where l i g h t n i n g  h a s  s t r u c k ,  

and have s e e n  t h a t  i t  may s t r i k e  i n  some r a t h e r  unexpec t ed  (and 

u n p r o t e c t e d )  l o c a t i o n s ,  and a r e  f a c e d  n e x t  w i t h  an e v a l u a t i o n  

of  t h e  e f f e c t s  o f  t h e  s t r o k e  and c o n t i n u i n g  c u r r e n t  f l ow .  I n  

t h e  c a s e  of  a  r o o f - t o p  a r r a y  o f  v o l t a g e - s e n s i t i v e  c e l l s ,  t h e  

r e a l  s t o r y  b e g i n s  w i t h  t h e  f l o w  o f  c u r r e n t  below t h e  f i r s t  

m e t a l l i c  t e r m i n a t i o n  p o i n t .  T h e r e f o r e ,  l i g h t n i n g  p r o t e c t i o n  

i n  t h i s  c o n t e x t  w i l l  mean making s u r e  t h a t  t h e  l i g h t n i n g  does  

t e r m i n a t e  where we want i t  t o  t e r m i n a t e ,  and t h a t  from t h e r e  

i t  i s  l e d  t o  e a r t h  i n  an a c c e p t a b l e  manner,  a l o n g  a  s a f e ,  

c o n t r o l l e d  p a t h .  

The most i m p o r t a n t  c o n s i d e r a t i o n  i s  t h e n  what happens  t o  

t h e  p o t e n t i a l  d rop  a l o n g  t h e  c u r r e n t  p a t h  t o  g round .  We have  

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

t h e  wave. T h e r e f o r e  t h e  i n d u c t i v e  d rop  L d i / d t  o v e r  t h e  c u r r e n t  

p a t h  w i l l  be  e x t r e m e l y  l a r g e ,  i n  o t h e r  words ,  d u r i n g  i n i t i a l  

phase  o f  t h e  d i s c h a r g e ,  t h e  "grounded" l i g h t n i n g  r o d s  and down- 

comers o f  a  b u i l d i n g  ne twork  w i l l  be  e l e v a t e d  t o  s u b s t a n t i a l  

p o t e n t i a l s  above e a r t h  g round ,  i n  t h e  o r d e r  o f  t e n s  o r  hundreds  

of k i l o v o l t s .  Any c i r c u i t o u s  p a t h  i n  t h e  downcomer w i l l  i n c r e a s e  

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

occu r  t o  b r i d g e  and s h o r t e n  t h i s  p a t h ,  d e f e a t i n g  t h e  i n t e n t  of  

c a r r y i n g  t h e  c u r r e n t  d i r e c t l y  t o  e a r t h ,  away from t h e  a r r a y .  

Another  c o n s i d e r a t i o n  i s  t h e  d i f f e r e n c e  of  p o t e n t i a l  e s -  

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

a t  e x t r e m e l y  f a s t  r a t e s ,  between t h e  l i g h t n i n g  sys t em and t h e  

c e l l  a r r a y .  The upper  p o r t i o n s  o f  t h e  downcomers a r e  e l e v a t e d  

a t  v e r y  h i g h  p o t e n t i a l  because  of  t h e  i n d u c t i v e  d r o p ,  w h i l e  

t h e  uppe r  m e t a l l i c  p a r t s  o f  t h e  a r r a y  remain  un invo lved  i n  t h e  

c u r r e n t  p a t h ,  and t h e r e f o r e  remain  a t  "gound" p o t e n t i a l .  We 

a r e  w r i t i n g  "ground" i n  q u o t e s  a s  t h i s  i s  an  a r b i t r a r y  d e f i n i t i o n  

i n  t h e  c o n t e x t  of  p o t e n t i a l  d i s t r i b u t i o n  d u r i n g  a  l i g h t n i n g  s t r o k e .  



With r e f e r e n c e  t o  F i g u r e  3 - 1 ,  t h e  "ground" p o i n t  can  b e  

r e p r e s e n t e d  a s  t h e  common p o i n t  "G" a t  which t h e  e l e c t r i c  power 

s y s t e m  o f  t h e  house i s  t i e d  t o  t h e  downcomer c o n d u c t o r s ;  any 

f u r t h e r  impedance below p o i n t  "G" and " t r u e "  e a r t h  i s  n o t  r e l e -  

v a n t  t o  t h e  d i f f e r e n c e  o f  p o t e n t i a l  V e s t a b l i s h e d  a c r o s s  t h e  

w a l l  o f  t h e  b u i l d i n g  a t  p o i n t  A .  I f  t h e  l e n g t h  ( i n d u c t a n c e )  

between p o i n t s  B and G i s  l a r g e ,  and t h e  d i s t a n c e  be tween A and 

B s m a l l ,  t h e  v o l t a g e  V w i l l  exceed  t h e  d i e l e c t r i c  s t r e n g t h  o f  

t h e  AB gap ,  and  a  " s i d e  f l a s h "  w i l l  o c c u r  be tween A and  B ,  w i t h  

p o s s i b l e  d i s a s t r o u s  e f f e c t .  

LIGHTNING 
STROKE 

ENTRANCE 
1 1 - 1 ,  

F i g u r e  3-1 

S ide  f l a s h  prob lem on l i g h t n i n g  conduc to rs  



3 . 2  Des ign  o f  t h e  a i r  t e r m i n a l s  

P r o t e c t i o n  o f  a n  e x p e r i m e n t a l  r o o f - t o p  a r r a y  i s  d i f f e r e n t  

f rom t h e  p r o t e c t i o n  t o  b e  p r o v i d e d ,  i f  a n y ,  f o r  f u t u r e  mass-  

p roduced  a r r a y s .  I n  t h e  c a s e  o f  t h e  e x p e r i m e n t a l  s y s t e m ,  t h e  

h i g h  c o s t  o f  a  l i g h t n i n g  s t r i k e  s h o u l d  p r e v a i l  o v e r  a e s t h e t i c  

c o n s i d e r a t i o n s ,  s o  t h a t  t h e  o b j e c t i v e  w i l l  b e  t o  maximize 

p r o t e c t i o n .  Once t h e  c o s t  o f  t h e  r o o f  a r r a y  i s  e s t a b l i s h e d  a s  

a  commerc ia l  p r o d u c t ,  t h e  t r a d e  o f f  be tween  economics  and a e s t h e -  

t i c s  w i l l  b e  q u i t e  d i f f e r e n t .  I n  t h i s  d i s c u s s i o n ,  however ,  we 

a r e  a d d r e s s i n g  t h e  c a s e  o f  t h e  e x p e r i m e n t a l  h o u s e .  

There  a r e  two b a s i c  a p p r o a c h e s  t o  p r o v i d i n g  s u f f i c i e n t  

p r o t e c t i o n :  l i g h t n i n g  m a s t s ,  a t  some d i s t a n c e  f rom t h e  h o u s e ,  

w i t h  s u f f i c i e n t  h e i g h t  t o  p r o v i d e  an  e f f e c t i v e  cone  o f  p r o t e c -  

t i o n ,  and  l i g h t n i n g  c o n d u c t o r s  above  t h e  r o o f .  N e i t h e r  c a n  

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

however ,  t h e  l i k e l i h o o d  o f  a  s t r i k e  a t t a c h i n g  t o  t h e  roo f -moun ted  

a r r a y  w i l l  b e  d e c r e a s e d  by  s e v e r a l  o r d e r s  o f  magn i tude  i f  a  

p r o p e r l y  d e s i g n e d  s y s t e m  i s  i n s t a l l e d .  

3 . 2 . 1  L i g h t n i n g  m a s t s  

The d i s c u s s i o n  o f  p a r a g r a p h  2 . 4  above ,  and t h e  p o s s i b l e  

e x c e p t i o n  t o  t h e  p r o t e c t i o n  e x p e c t e d  f o r  2 s t r i c t  i n t e r p r e t a t i o n  

o f  t h e  cone  o f  p r o t e c t i o n  f o r m u l a ,  g i v e  some g u i d a n c e  on t h e  

d e s i g n  o f  a  mas t  s y s t e m .  For  t h e  e x p e r i m e n t a l  mode l ,  two mas t s  

a t  minimum a r e  recommended, w i t h  f o u r  b e i n g  e v e n  more e f f e c t i v e .  

( I n  t h e  c a s e  o f  a  p r o j e c t  i n v o l v i n g  a  g roup  o f  c l o s e l y  spaced.  

h o u s e s ,  i t  may b e  p o s s i b l e  t o  p r o v i d e  a  common mas t  a t  e a c h  l o t  

bounda ry .  F i g u r e  3 - 2  shows how s u c h  a  mas t  s y s t e m  c a n  b e  i m -  

p l e m e n t e d .  One o f  t h e  a d v a n t a g e s  would be  comple t e  i n d e p e n d e n c e  

o f  t h e  power s y s t e m  and  l i g h t n i n g  s y s t e m  a t  a l l  b u t  one  p o i n t .  
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Figure 3-2. Lightning p r o t e c t i o n  u s i n g  two m a s t s  

3 . 2 . 2  L i g h t n i n g  c o n d u c t o r s  

A p o s s i b l y  more e f f e c t i v e  p r o t e c t i o n  can  b e  e x p e c t e d  from 

a  l a t t i c e  of  l i g h t n i n g  c o n d u c t o r s  s t r u n g  some d i s t a n c e  abovee  

t h e  r o o f .  The number o f  c o n d u c t o r s ,  and t h e  d i s t a n c e  from t h e  

r o o f  a r e  i n  i n v e r s e  p r o p o r t i o n s .  T h e r e f o r e ,  t h e r e  i s  a  p o s s i b l e  

t r a d e - o f f  be tween a  few c o n d u c t o r s  h i g h  above t h e  r o o f ,  and many 

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

c o r r e s p o n d  t o  t h e  s i t u a t i o n  where t h e  many c o n d u c t o r s  would be 

s o  c l o s e  t o  t h e  r o o f  t h a t  s i d e - f l a s h  becomes a  problem,  o r  where 

o n l y  a  few,  v e r y  d i s t a n t  c o n d u c t o r s  would a l l o w  a  low-ampl i tude  

s t r o k e ,  w i t h  a t t e n d e n t  s h o r t  s t r i k i n g  d i s t a n c e ,  t r a v e l  a round  

t h e  t h e o r e t i c a l  cone  o f  p r o t e c t i o n ,  a s  d i s c u s s e d  i n  p a r a g r a p h  2 . 4 .  

I n  any c a s e ,  t h e  down c o n d u c t o r s  f o r  t h e  c a b l e  l a t t i c e  have  

t o  be  r o u t e d  f a r  enough away f rom t h e  r o o f  t o  p r e v e n t  any s i d e  

f l a s h .  F i g u r e  3 . 3  shows a  p o s s i b l e  a r rangement  f o r  a  c a b l e  

l a t t i c e  s y s t e m .  



STEEL CABLES 

MAST POWER SYSTEM 
BURIED 
CABLE 

F i g u r e  3-3 .  L i g h t n i n g  p r o t e c t  i o n  u s i n g  overhead cab les  



4 . 0  INDIRECT EFFECTS 

4 . 1  I n d i r e c t  v o l t a g e s  

The major  i n d i r e c t  e f f e c t  o f  l i g h t n i n g  s t r o k e s  f o r  t h i s  

p r o j e c t  i s  t h e  v o l t a g e  i nduced  on t h e  power sy s t em by  t h e  r a p i d l y  

chang ing  magne t i c  f l u x  a s s o c i a t e d  w i t h  t h e  h i g h  d i / d t  o f  t h e  

l i g h t n i n g  c u r r e n t .  A l e s s  i m p o r t a n t  b u t  s t i l l  s i g n i f i c a n t  e f -  

f e c t  would b e  t h e  v o l t a g e  p roduced  by e l e c t r o s t a t i c  c o u p l i n g  

be tween  t h e  r o o f  a r r a y  and t h e  c h a r g e s  a s s o c i a t e d  w i t h  a tmos-  

p h e r i c  e l e c t r i c i t y .  

T y p i c a l  l i g h t n i n g  s t r o k e s  i n v o l v e  c u r r e n t s  o f  5 0  kA r e a c h -  

i n g  c r e s t  i n  1 mic rosecond .  Thus,  t h e  d b / d t  n e a r  t h e  l i g h t n i n g  

c o n d u c t o r s  w i l l  b e  q u i t e  h i g h  and c a p a b l e  o f  i n d u c i n g  d e s t r u c t i v e  

v o l t a g e s  i n  any  l o o p  which would l i n k  a  s u b s t a n t i a l  f l u x  from 

t h e  l i g h t n i n g  c u r r e n t .  T h e r e f o r e ,  t h e  power s y s t e m ,  c e l l  a r r a y  

and c o n t r o l  c i r c u i t s  must be  d e s i g n e d  t o  minimize i n t r i n s i c  

c o u p l i n g ,  o r  be s u i t a b l y  s h i e l d e d .  

4 .2  E f f e c t  on incoming power sy s t em 

There  i s  a  c e r t a i n  amount o f  i n f o r m a t i o n  a v a i l a b l e  f rom 

v a r i o u s  s o u r c e s  on t h e  magni tude  o f  t r a n s i e n t  o v e r v o l t a g e  

e n t e r i n g  a  house  w i r i n g  sy s t em by t h e  r o u t e  o f  t h e  u t i l i t y  

s e r v i c e .  While  n o t  e x h a u s t i v e ,  t h e  d a t a  c o l l e c t e d  s o  f a r  have  

i n d i c a t e d  t h a t  t r a n s i e n t s  up t o  6 kV can  o c c u r ,  i n f r e q u e n t l y ,  

b u t  s t i l l  o f t e n  enough t o  c a u s e  c o n c e r n  f o r  s e n s i t i v e  e l e c t r o n i c s .  

T h i s  p rob lem o f  c o u r s e  i s  n o t  u n i q u e  t o  p h o t o - v o l t a i c  s y s t e m s ,  

b u t  i s  f a c e d  by e v e r y  a p p l i c a n c e  m a n u f a c t u r e r .  

I n  t h e  p r e s e n t  c a s e ,  r e c o g n i t i o n  o f  t h e  p rob lem i s  a l l  

t h a t  i s  n e c e s s a r y  s i n c e  t h e r e  i s  a  wide v a r i e t y  of  commercial  

d e v i c e s  a v a i l a b l e  t o  s u p p r e s s  t h e s e  s u r g e s .  



5 .0  FLASH INTERCEPTION RATE 

The r e l a t i o n s h i p  be tween a n n u a l  t h u n d e r s t o r m  days  and 

f l a s h  d e n s i t y  h a s  been  d e f i n e d  by e m p i r i c a l  f o r m u l ~  and  

p l o t t e d  by C ianos  G P i e r c e .  T a b l e  5 - 1  shows t h e  computed 

ground f l a s h  d e n s i t y ,  o b t a i n e d  by m u l t i p l y i n g  t h e  f l a s h  d e n s i t y  

by  a  f a c t o r  r e l a t i n g  t h e  ground f l a s h e s  t o  t h e  t o t a l  f l a s h e s .  

T h i s  f a c t o r  depends  on t h e  l a t i t u d e ,  a s  s u g g e s t e d  by  C ianos  

6 P i e r c e .  
T a b l e  5 - 1  

F L A S H E S / ~ ~ ~ / Y E A R  
Thunder s to rm Days F l a s h  D e n s i t y  Ground F l a s h  D e n s i t y  

p e r  y e a r  ( t o t a l )  
a t  4 0 "  l a t i t u d e  

Using  t h e  cone  o f  p r o t e c t i o n  c o n c e p t  i n  r e v e r s e ,  we can  

e s t i m a t e  t h a t  t h e  e f f e c t i v e  a r e a  o f  a n  o b j e c t  p r o t r u d i n g  o v e r  

t h e  ground s u r f a c e ,  i n  a t t r a c t i n g  a  s t r i k e ,  i n c r e a s e s  a s  i t s  

h e i g h t  i n c r e a s e s .  For  a  h e i g h t  h ,  a c i r c l e  o f  r a d i u s  2h can  

b e  c o n s i d e r e d  a s  c a n d i d a t e  f o r  f l a s h  i n t e r c e p t i o n .  Thus ,  

assuming a  b u i l d i n g  of 45 f e e t  (15m) x 30 f t  ( lorn),  w i t h  a  

h e i g h t  o f  30 f t  ( lorn),  t h e  e f f e c t i v e  a r e a  i s  i n d i c a t e d  by t h e  

s k e t c h  o f  F i g u r e  5 - 1 .  The a r e a  c o r r e s p o n d i n g  t o  a n  e l o n g a t e d  

doub le  cone o r i g i n a t i n g  from a  r o o f  a n t e n n a  one one s i d e  and  

t h e  p e a k  o f  t h e  r o o f  on t h e  o t h e r  s i d e ,  a t  a  2 : l  a n g l e ,  i s  

a p p r o x i m a t e l y  5 0 m x  50m = 2500m2 = 0.0025 km2. 

App ly ing  t h e  g round  f l a s h  d e n s i t y  of  T a b l e  5 - 1  f o r  an  

i s o k e r a u n i c  l e v e l  o f  40 ( s e e  map of F i g u r e  5 - 2 ) ,  we o b t a i n  

a n  e s t i m a t e d  i n t e r c e p t i o n  r a t e  o f  0 .0025 x  2 . 1  = 0 .005  f l a s h e s  

p e r  y e a r  on t h e  a r e a  c o v e r e d  by t h e  house  and i t s  a s s o c i a t e d  

c o n e s .  



F i g u r e  5 - 1 .  I n t e r c e p t i o n  area  o f  a  t y p i c a l  house 

F i g u r e  5 -  2 .  Annual isokeraunic map ( a f t e r  Alexander)  



I n  o t h e r  words ,  t h e  house i n  t h i s  example can  be expec t ed  

t o  i n t e r c e p t  a  l i g h t n i n g  s t r i k e  once e v e r y  two hundred y e a r s .  

Th is  p r e d i c t i o n  would be  ba sed  on a  house p r o j e c t i n g  above f l a t  

t e r r a i n ,  which we u n d e r s t a n d  t o  be t h e  c a s e  h e r e .  One must b e a r  

i n  mind t h a t  i n  t h e  absence  of a d j a c e n t ,  o v e r l a p p i n g  cones  o f  

p r o t e c t i o n  from o t h e r  b u i l d i n g s ,  t r e e s  o r  s t r u c t u r e s ,  t h e  house 

and i t s  cones  can be t r e a t e d  a s  comple t e ly  i ndependan t  from t h e  

s u r r o u n d i n g s .  On t h e  o t h e r  hand ,  h i l l  t o p s  and e l e v a t e d  d e t a i l s  

of  t h e  t e r r a i n  can  a f f e c t  t h e  l o c a l  i s o k e r a u n i c  l e v e l  upward, 

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

A s i m p l e  t r a d e - o f f  ba sed  on economics would t h e n  c o n s i s t  

i n  s t a t i n g  t h a t  f o r  a n  e s t i m a t e d  r e p a i r  c o s t  of s a y ,  $ 2 0 0 0 0 0 ,  

and a  p r o j e c t  l i f e  o f  two y e a r s ,  t h e  b r eak -even  v a l u e  o f  a  l i g h t -  

n ing  p r o t e c t i o n  sy s t em i s  200 000 x 0 .005  x  2 = $ 2000. However, 

t h i s  t r a d e - o f f  undoubted ly  would be m o d i f i e d  t o  t a k e  i n t o  c o n s i -  

d e r a t i o n  t h e  " u t i l i t y "  concep t  i n  a  game p l a n .  Th i s  concep t  

i n t r o d u c e s  s u b j e c t i v e  f a c t o r s  which t e n d  t o  magnify  t h e  p e r c e i v e d  

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

e v e n t .  S t a t e d  i n  o t h e r  t e r m s ,  a  t r a d e - o f f  i n  t h i s  p r o j e c t  must  

a l s o  t a k e  i n t o  c o n s i d e r a t i o n  i n t a n g i b l e  f a c t o r s  such  a s  d e l a y s  

i n  t h e  s t u d y  and t h e  embar r a s s ing  s i t u a t i o n  of a  major  f a i l u r e  

caused  by a  s i n g l e  l i g h t n i n g  s t r i k e .  

T h e r e f o r e  we submi t  t h a t  a  w e l l  de s igned  l i g h t n i n g  p r o t e c t i o n  

sy s t em,  a t  t h i s  t ime  d i v o r c e d  from a e s t h e t i c  c o n s i d e r a t i o n s ,  would 

be a  sound i n v e s t m e n t .  Th is  s i t u a t i o n  may change when t h e  c o s t  of 

t h e  a r r a y s  w i l l  be l ower ,  g i v i n g  g r e a t e r  we igh t  t o  a e s t h e t i c s .  
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