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ABSTRACT 

An a n a l y s i s  technique,  i n v o l v i n g  t h e  use  of 
computer a s s i s t e d  d a t a  reduc t ion  techniques ,  
h a s  been developed t o  determine t h e  v a r i a -  
t i o n  of s o l a r  i r r a d i a n c e  from long-term 
averages .  The o b j e c t i v e  of  t h e  s tudy was t o  
develop a  t o o l  which would enab le  s o l a r  sys-  
tem d e s i g n e r s  to  de te rmine  t h e  amount of 
backup and/or  s t o r a g e  c a p a b i l i t y  requ i red  t o  
supplement a  b a s e l i n e  system s i z e d  according 
t o  long- term averages.  The technique a l lows  
t h e  de te rmina t ion  of v a r i a t i o n s  f o r  i n t e r v a l s  
of time up t o  60 days. This  paper  p r e s e n t s  
r e s u l t s  of t h e  a n a l y s i s  of 1 0  s i t e s  i n  t h e  
Cont inen ta l  United S t a t e s .  

1. INTRODUCTION 

I n  suppor t  of  t h e  U.S. Department of  Energy 
p h o t o v o l t a i c s  program t h e  J e t  Propuls ion  
~ a b o r a t o r y ' s  Low-Cost S o l a r  Array P r o j e c t  is 
managing and c a r r y i n g  ou t  a  number of  a c t i v i -  
t i e s  to  a c c e l e r a t e  t h e  development and la rge-  
s c a l e  u t i l i z a t i o n  o f  p h o t o v o l t a i c s  f o r  v a r i -  
ous t e r r e s t r i a l  a p p l i c a t i o n s .  One key 
o p e r a t i o n a l  c h a r a c t e r i s t i c  of  p h o t o v o l t a i c  
a r r a y s ,  a s  well  a s  of s o l a r  a r r a y s  i n  
g e n e r a l ,  i s  t h e  dependency o f  t h e  a r r a y  out-  
put on c l i m a t i c a l l y  induced v a r i a t i o n s  i n  t h e  
d a i l y  s o l a r  i r r a d i a n c e .  T h i s  v a r i a b i l i t y  of  
t h e  a r r a y  l e v e l  is acconrmodated w i t h i n  t h e  
s o l a r  system by adding s t o r a g e ,  backup power 
and/or  o v e r s i z i n g  t h e  a r r a y .  To a l l o w  s i t e  
and c o s t  o p t i m i z a t i o n  of  t h e s e  s t o r a g e  and 
backup energy sources ,  it is  u s e f u l  t o  have 
an a c c u r a t e  s t a t i s t i c a l  unders tand ing  of  t h e  
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degree of  a r r a y  ou tpu t  v a r i a t i o n  due t o  
weather p a t t e r n s  which c a n  be expected f o r  
t y p i c a l  s i t e s  i n  t h e  United S t a t e s .  

Because monthly average v a l u e s  f o r  s o l a r  
i r r a d i a n c e  e x i s t  f o r  a  v a s t  number of s i t e s ,  
t h e  seasona l  v a r i a t i o n  of  average i r r a d i a n c e  
i s  wel l  understood and documented ( 1 , 2 ) .  
Th is  s tudy  b u i l d s  upon t h i s  base by develop- 
i n g  p r o b a b i l i t y  s t a t i s t i c s  d e f i n i n g  t h e  
expected year-to-year , week-to-week, and 
day-to-day d e v i a t i o n s  from t h e s e  long-term 
monthly averages.  

2. APPROACH 

To o b t a i n  t h e  d e s i r e d  p r o b a b i l i t y  s t a t i s t i c s  
a  s p e c i a l  methodology was developed t o  com- 
pu te r  ana lyze  10 y e a r s  of hour ly  i r r a d i a n c e  
d a t a  f o r  each of  10 s i t e s  i n  t h e  United 
S t a t e s .  T o t a l  h o r i z o n t a l  i r r a d i a n c e  a s  de- 
f i n e d  on SOLMET d a t a  t a p e s  ( 3 )  was used a s  
t h e  hour ly  d a t a  source.  

Because on ly  t h e  d e v i a t i o n  from t h e  long- 
term average  was d e s i r e d ,  i t  was f i r s t  neces- 
s a r y  t o  determine t h e  long-term smoothed 
average f o r  each day of t h e  y e a r  f o r  each 
s i t e .  This  was done by c a l c u l a t i n g  average 
i r r a d i a n c e  va lues  f o r  each month of  t h e  year  
based on t h e  10 y e a r s  of d a t a ,  and then con- 
s t r u c t i n g  a smooth f u n c t i o n  through these  
monthly v a l u e s .  F igure  1 d e p i c t s  t h e  long- 
term average  i r r a d i a n c e  c a l c u l a t e d  f o r  Miami 
i n  comparison wi th  t y p i c a l  publ ished d a t a  ( 2 )  
f o r  t h e  monthly average.  It is  c l e a r  from 
Figure  1 t h a t  each day or per iod  must be com- 
pared wi th  t h e  same per iod  each year  t o  sep- 
a r a t e  o u t  t h e  seasona l  v a r i a t i o n  from t h e  
year-to-year v a r i a t i o n .  

Given t h e  long-term averages  f o r  t h e  s e l e c t e d  
s i t e s ,  t h e  nex t  t a s k  i s  c a l c u l a t i n g  t h e  ac tu-  
a l  random d e v i a t i o n  from t h e s e  averages  dur- 
i n g  t h e  10 y e a r s  of d a t a  c o l l e c t i o n .  Because 
energy s t o r a g e  systems prov ide  a  given quan- 
t i t y  of energy ( i r r a d i a n c e  x t ime) ,  it i s  
necessary  t o  examine t h e  d e v i a t i o n  from t h e  
average i r r a d i a n c e  over  v a r i o u s  l e n g t h s  of 
time. From a n  energy point-of-view one day 
with no sun (one no-sun day) is  e q u i v a l e n t  
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Fig.  I. Long-term average d a i l y  s o l a r  i r r a d i -  
ance on a  h o r i z o n t a l  s u r f a c e  f o r  a  t y p i c a l  
s i t e  ( ~ i a m i a ,  F l a . )  

t o  two days 50% below average o r  10 days 10% 
below average.  To account f o r  t h i s  time- 
dependence, d e v i a t i o n s  from t h e  average i r r a -  
d i a n t  energy were c a l c u l a t e d  f o r  16 d i f f e r e n t  
time i n t e r v a l s  ranging from one day t o  60 
days. Because i r r a d i a n c e  d e v i a t i o n  s t a t i s -  
t i c s  were expected t o  vary wi th  time of y e a r ,  
t h e  s t a t i s t i c s  were determined s e p a r a t e l y  f o r  
s i x  times of y e a r  us ing  60-day p e r i o d s  cen- 
t e r e d  on t h e  15 th  day of February,  A p r i l ,  
June,  August, October and December. 

To c l a r i f y  t h e  c a l u l a t i o n  procedure ,  it i s  
u s e f u l  t o  consider  a n  example such a s  t h e  
June t ime per iod  i n  Miami. The o v e r a l l  
o b j e c t i v e  i s  to  determine t h e  p r o b a b i l i t y  of  
o b t a i n i n g  v a r i o u s  l e v e l s  of s o l a r  energy 
( i n t e g r a t e d  i r r a d i a n c e  over a  p e r i o d  of  
t ime)  d u r i n g  t h e  June t ime period i n  Miami 
a s  compared t o  t h a t  p r e d i c t e d  by t h e  long- 
term average i n  F igure  1. The p r o b a b i l i t i e s  
of  o b t a i n i n g  a p a r t i c u l a r  energy l e v e l  a r e  
ob ta ined  by examining 10 d i f f e r e n t  Junes ,  
each a s s o c i a t e d  wi th  one of  t h e  10 y e a r s  of 
SOLMET tape  d a t a .  

Next it is necessary  to  determine t h e  a c t u a l  
s o l a r  energy d e v i a t i o n  from t h e  long term 
average f o r  each June.  To accomplish t h i s  
t h e  a c t u a l  i r r a d i a n c e  from t h e  SOLMET tapes  
was r e p e a t e d l y  i n t e g r a t e d  f o r  consecut ive-  
day i n t e r v a l s  of  l e n g t h  equa l  t o  1, 2, 3, 4 ,  
5 ,  6 ,  8, 10,  12,  15 ,  20, 25, 30, 40,  50 and 
60 days. Approximately 30 i n t e r v a l s  of each 
i n t e r v a l  l eng th  were u t i l i z e d  w i t h i n  t h e  60- 
day per iod  s t a r t i n g  around May 15 th  and end- 
i n g  around J u l y  15th.  F igure  2  i l l u s t r a t e s  
t h e  consecutive-day i n t e r v a l s  analyzed.  The 
r e s u l t s  of  t h e  a n a l y s i s  f o r  each year  were 
d i sp layed  a s  shown i n  F igure  3, which is an 
abbrev ia ted  form o f  t h e  a c t u a l  o u t p u t  m a t r i x .  
The numbers i n  each row o f  t h i s  m a t r i x  repre-  
s e n t  t h e  f r a c t i o n  of consecutive-day i n t e r -  
v a l s  w i t h i n  t h e  60-day period which had 
i n t e g r a t e d  i r r a d i a n c e  l e v e l s  d i f f e r i n g  from 
t h e  average by t h e  percentage shown i n  t h e  
f a r  l e f t h a n d  column. I n  t h e  d e t a i l e d  analy-  
s is  t h e  degree of  energy d e v i a t i o n  was actu-  
a l l y  subdivided i n t o  24 l e v e l s  r a t h e r  than  
t h e  e i g h t  percen tage  l e v e l s  shown. The actu-  
a l  percen tage  d e v i a t i o n  was c a l c u l a t e d  a s :  
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I l l u s t r a t i o n  of approach used t o  
determine s o l a r  i r r a d i a n c e - d e v i a t i o n s  from 
t h e  long-term average 
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Fig.  3. F r a c t i o n  of  consecutive-day i n t e r -  
v a l s  around June 1974 dur ing  which t h e  i n t e -  
g r a t e d  i r r a d i a n c e  dev ia ted  from t h e  long- 
term average by t h e  percen tage  shown 
(Miami, F l a . )  

where S = a c t u a l  hour ly  i r r a d i a n c e  l e v e l  

- 
S = smoothed monthly average 

i r r a d i a n c e  (F igure  1 )  

d l ,  d2 = s t a r t  and end d a t e  of  time 
i n t e r v a l  

The format of F igure  3 a l l o w s  r a p i d  a s s e s s -  
ment of t h e  degree of  d e v i a t i o n  encountered 
and t h e  maximum d e v i a t i o n  encountered a s  a  
f u n c t i o n  of  t h e  l eng th  of  t h e  t ime i n t e r v a l .  
For s i z i n g  system s t o r a g e  o r  backup r e q u i r e -  
ments, t h e  most u s e f u l  in format ion  i s  indeed 
t h e  maximum d e f i c i t  expected a s  a  f u n c t i o n  
of t h e  t ime i n t e r v a l  l eng th .  



To ob t a in  t h e  p r o b a b i l i t i e s  of ob t a in ing  a 
p a r t i c u l a r  maximum d e f i c i t  any given year ,  t h e  
ana ly s i s  presented i n  Figure 3 was repeated 
f o r  each of t he  10 years .  The maximum d e f i -  
c i t s  f o r  each i n t e r v a l  f o r  each year  were then 
co l l ec t ed  i n  a  s i m i l a r  mat r ix  a s  shown i n  Fig- 
ure  4 (aga in  i n  abbrevia ted  form). I n  t h i s  
mat r ix  the  numbers i n  each row represent  t he  
number of times out of 10 t h a t  t h e  g r e a t e s t  
energy d e f i c i t  from the  long-term average was 
i n  t h e  percentage range i nd i ca t ed .  These en- 
t r i e s ,  when d iv ided  by 10, thus represent  t he  
p r o b a b i l i t y  of ob t a in ing  a p a r t i c u l a r  maximum 
d e f i c i t  any given year .  To a i d  i n  a s se s s ing  
t he  r e s u l t s ,  marks have a l s o  been added i nd i -  
c a t i ng  t he  50% p robab i l i t y ,  o r  mean d e f i c i t  
l e v e l ,  and the  two standard dev i a t i on  (2% 
p r o b a b i l i t y )  worst-case d e f i c i t  l e v e l  t o  be 

The ana ly s i s  was completed fo r  each s i t e  by 
genera t ing  the  da ta  i l l u s t r a t e d  i n  abbrevia ted  
form i n  Figure 4 f o r  each of t he  s i x  60-day 
per iods  of  the  year .  A complete s e t  of t he  
f i n a l  da ta  w i l l  be published i n  a  JPL Low-Cost 
Solar  Array P r o j e c t  document l a t e r  i n  1981. 

3. ANALYSIS OF RESULTS 

The ma t r i ce s  symbolized by Figure 4 fo r  each 
s i t e  conta in  a wealth of information.  One 
important use of the  da ta  i s  t h e  s i z i n g  of 
system s torage  and t he  overs iz ing  of  t h e  a r r a y  
c o l l e c t o r  a r ea  t o  s a t i s f y  t h e  predic ted  energy 
d e f i c i t s .  One means of cha rac t e r i z ing  s torage  
i s  i n  terms of "no-sun days." With t h i s  
nomenclature, a s torage  of two no-sun days ha s  
a n  energy s torage  capac i t y  equal  t o  twice t h e  
energy de l i ve red  by the c o l l e c t o r  a r r a y  i n  one 
day under t he  long-term average condi t ions  a s  
depicted i n  Figure 1. This  s torage  system 
would be capable of d e l i v e r i n g  enough energy 
to  cover a  100% d e f i c i t  f o r  two days, or  a  
50% d e f i c i t  f o r  four  consecutive days, e t c .  
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Fig. 4. Number of years  out of ten during 
which t h e  worst-case energy d e f i c i t  f e l l  i n  
t h e  percentage category shown f o r  
June i n  Miami, F la .  

Figure 5 p r e sen t s  i n  graphic  form the  mean 
and 2 s tandard dev i a t i on  worst-case d e f i c i t  
da ta  from Figure 4 i n  terms of t h e  f r a c t i o n a l  
d e f i c i t  f o r  a  given i n t e r v a l  length.  For 
example, a  0.1 d e f i c i t  i nd i ca t e s  t h a t  t h e  
energy d e f i c i t  i s  10% of t h e  long-term aver-  
age energy f o r  t h a t  i n t e r v a l .  Overlayed on 
these  curves a r e  cons tan t  "no-sun day" curves 
which a r e  i nd i ca to r s  of t h e  degree of d e f i c i t  
t h a t  can  be  accomnodated by var ious  l eve l s  
of s torage .  

The d e f i c i t  curves shown i n  Figure 5 can be 
broken down i n t o  two components: t he  asymp- 
t o t i c  value t o  which t he  curves tend f o r  long 
i n t e r v a l s  of time, and t h e  d e f i c i t  measured 
f o r  s h o r t  i n t e r v a l s  of time. The asymptotic  
va lue  i s  a n  i nd i ca t i on  of t h e  long- in te rva l  
d e f i c i t .  Note t h a t  t h e  l a r g e s t  no-sun-day 
d e f i c i t s  tend t o  be assoc ia ted  with longer 
i n t e r v a l s  (from 30 t o  60 days)  with worst- 
case d e f i c i t s  on t h e  o rde r  of 15% below t h e  
long term average.  

An important observat ion from Figure 5 i s  
t h a t  i t  may be more cos t -e f fec t ive  t o  accom- 
modate t he  long-interval  d e f i c i t s  by increas-  
ing t h e  c o l l e c t o r  a r r ay  s i z e  a s  opposed to 
adding energy s to r age  capac i t y ,  which i s  t he  
most cos t - e f f ec t i ve  way t o  handle shor t -  
i n t e r v a l  d e f i c i t s .  For example, a  10% de f i -  
c i t  over  60 days can be accomodated by a 10% 
increase  i n  c o l l e c t o r  a rea  o r  by a s t o r age  
capac i t y  of 0.10 x 60 = 6 no-sun days. The 
da t a  i l l u s t r a t e d  i n  Figure 5 a r e  va luable  i n  
al lowing s to r age  versus  c o l l e c t o r  s i z e  cos t  
t rade-of fs  of t h i s  type t o  be conducted. 

Figure 6 sumnarizes t h e  worst-case d e f i c i t s  
( 2 %  p r o b a b i l i t y  of occurrence) fo r  s i x  b i -  
monthly i n t e r v a l s  f o r  10 s i t e s .  The values 
presented i n  t h e  histogram rep re sen t  t h e  
short- term no-sun-day d e f i c i t s  which remain 
a f t e r  t h e  c o l l e c t o r  a r r ay  has  been oversized 
by 15% t o  handle t h e  long-term d e f i c i t s .  
Note a l s o  from Figure 6 t h a t  the  maximum 
d e f i c i t  i n  no-sun days v a r i e s  from s i t e  t o  
s i t e .  This  implies t h a t  the  s torage  requi red  
t o  cover random weather v a r i a t i o n s  i s  a  vary- 
i ng  percentage of the  c o l l e c t o r  energy pro- 
duc t ion  for  d i f f e r e n t  s i t e s ,  ranging from 
one t o  n ine  no-sun days. An add i t i ona l  no- 
sun day would a l s o  be requi red  fo r  systems 
whose primary loads  a r e  a t  n igh t  and~mus t  
s t o r e  energy f o r  use t h e  same calendar day. 
Of course o the r  f a c t o r s  a f f e c t i n g  t h e  s i z i n g  
of s torage  a l s o  e x i s t ,  inc luding  a margin fo r  
l a r g e r  than usua l  loads ,  seasonal  load l eve l -  
ing ,  and c o n t r o l l i n g  t h e  depth of discharge 
t o  prolong b a t t e r y  l i f e  and r e l i a b i l i t y .  

4. CONCLUSIONS 

A novel technique has  been developed f o r  
determining t h e  p r o b a b i l i t y  s t a t i s t i c s  
assoc ia ted  with c l i m a t i c  v a r i a t i o n s  i n  
average s o l a r  i r r ad i ance .  Resu l t s  obtained 
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Fig .  5. Solar  i r r ad i ance  d e f i c i t  for  June i n  Miami, F la .  a s  a  func t ion  of i n t e r v a l  length 
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Fig.  6. Two percent  p robab i l i t y  worst-case d e f i c i t s  assuming a 15% oversized a r r a y  

by us ing  t h i s  technique have been presented s torage  c a p a c i t i e s  of one t o  nine no-sun 
f o r  10 s i t e s  i n  t he  United S t a t e s  fo r  d i f f e r -  days t o  accormnodate t he  weather-caused 
en t  times of t he  year .  It  has  been shown t h a t  d e f i c i t s  f o r  t h i s  broad v a r i e t y  of s i t e s .  
the  cos t - e f f ec t i ve  accomnodation of s o l a r  ir- 
rad iance  d e f i c i t s  probably includes both in-  
c reas ing  the  c o l l e c t o r  a r e a  by approximately 5. REFERENCES 
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