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Summary 
A comprehensive study has examined the rationale behind the selection 
of key photovoltaic performance reference (reporting) conditions in- 
cluding the standard Air Mass 1.5 solar spectrum and reference irra- 
diance and cell temperature levels. In addition to providing a re- 
peatable reference for performance comparisons, it is shown that the 
choice of reference conditions directly controls the accuracy of array 
energy output prediction calculations. Conclusions are drawn relative 
to the accuracy associated with present reference conditions, and re- 
cornendations are made concerning alternative reference conditions with 
improved accuracy. 

1. INTRODUCTION 
The historical need for verformance reference conditions is based on 

the strong dependency between photovoltaic electrical output and two key 
measurement variables: the level and spectral composition of the incident 
irradiance, and the junction temperature of the photovoltaic device. Al- 
though the primary use of reference conditions is to provide a common base- 
line for performance comparison of various photovoltaic devices, a gener- 
ally overlooked and very important indirect use of reference conditions is 
in conjunction with photovoltaic system performance simulation and predic- 
tion. When photovoltaic reference condition performance is imbedded in 
energy performance calculations for photovoltaic arrays and systems there 
are a number of implicit approximations which are made. The choice of 
reference conditions directly controls the accuracy of these approxi- 
mations. This paper examines the relationship between choice of reference 
conditions and the ease and accuracy of photovoltaic energy calculations. 

2. IMPLICATION OF ENERGY CALCULATIONS ON REFERENCE SPECTRUM 
As a first step in understanding the implications of energy calcula- 

tions on reference spectrum it is useful to examine the mathematical 
relationship which describes the annual energy production of an array. 

Annual ~ n e r ~ ~ / m ~  = 

Where : Sh = Spectral Irradiance at Time (t), W m-2 p-l 

TX = Array Spectral Electrical Efficiency 

T = Cell Temperature at Time (t), OC 
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Unfortunately,  t h e  t o t a l  l ack  of hour ly  s p e c t r a l  i r r a d i a n c e  d a t a  f o r  
p o t e n t i a l  photovol ta ic  geographic s i t e s  e f f e c t i v e l y  prevents  t h e  use of 
equa t ion  1 f o r  energy c a l c u l a t i o n s .  Therefore ,  t he  fol lowing s imp l i f i ca -  
t i o n  i s  made, expanding the  p o s s i b i l i t y  of a p p l i c a t i o n ,  but s t i l l  l i m i t i n g  
the  number of s i t e s  t o  those with hour ly  i r r a d i a n c e  and ambient temperature 
d a t a  ' ava i lab le :  

J J s i t )  pt d m  = S s(t) ,nl m 
Y' h Yr (2 

Where : S = Tota l  (pyranometer) I r r ad i ance  a t  Time ( t ) ,  W m-2 

I = Array Eff ic iency  f o r  Reference Spectrum 

T = Cel l  Temperature a t  Time ( t ) ,  O C  

The above approximation serves  a s  a  primary c o n s t r a i n t  on s e l e c t i o n  of 
t he  r e f e r ence  spectrum used t o  d e f i n e  a r r a y  e f f i c i e n c y .  For accu ra t e  energy 
c a l c u l a t i o n s  i t  i s  necessary t h a t  t h e  re fe rence  spectrum be chosen t o  g ive  
a  good approximation between t h e  two i n t e g r a l s  of equa t ion  (2) .  

To provide a  q u a n t i t a t i v e  assessment of t he  c u r r e n t l y  used re fe rence  
s p e c t r a  t he  i n t e g r a l s  r ep re sen t ing  the  two s i d e s  of equa t ion  2 were compu- 
ted  f o r  a  v a r i e t y  of s i t e  l o c a t i o n s  around t h e  United S t a t e s  us ing  measured 
hour ly  d a t a  f o r  s o l a r  i r r a d i a n c e  and ambient temperature toge ther  wi th  mea- 
sured parameter dependencies f o r  a  t y p i c a l  s i l i c o n  photovol ta ic  a r r a y ( l ) .  
Two s i t e s ,  Albuquerque, New Mexico, and Miami, F lo r ida ,  were chosen a s  t h e  
p r i n c i p a l  s i t e s  f o r  t h e  s tudy because they r ep re sen t  c l ima to log ica l  extrem- 
e s .  Albuquerque i s  noted f o r  i t s  high d i r e c t  t o  d i f f u s e  r a t i o ,  whereas 
Miami has a  very l a rge  (nea r ly  40%) d i f f u s e  con t r ibu t ion .  Because measured 
hour ly  s p e c t r a l  i r r a d i a n c e  d a t a  were unava i lab le ,  t he  d i r e c t  normal and 
d i f f u s e  sky s p e c t r a l  i r r a d i a n c e  necessary f o r  i n t e g r a t i o n  were computed 
s e p a r a t e l y  us ing  a n a l y t i c a l  and experimental der ived models and then com- 
bined p r i o r  t o  performing the  convolut ion with the  c e l l  s p e c t r a l  response. 

The d i r e c t  normal s p e c t r a l  i r r a d i a n c e  was computed us ing  a  r e v i s i o n  of 
a  computer program of t he  l a t e  D r .  M.P. Thekaekara toge ther  with hour ly  
d a t a  f o r  a i r  mass and monthly d a t a  f o r  water vapor.  The t o t a l  d i r e c t  
normal i r r a d i a n c e  l e v e l  was sca led  t o  equal  the  hour ly  va lue  from the  
SOLMET weather tape f o r  the  s i t e  of i n t e r e s t .  

Because of t he  lack of e a s i l y  implemented a n a l y t i c a l  models f o r  t he  
d i f f u s e  sky s p e c t r a l  i r r a d i a n c e  a  measurement program was c a r r i e d  out  a s  
p a r t  of t h i s  JPL study t o  empi r i ca l l y  c h a r a c t e r i z e  t he  d i f f u s e  sky s p e c t r a l  
i r r a d i a n c e  by making measurements a t  Pasadena, Ca l i fo rn i a .  These t y p i c a l  
d i f f u s e  spec t r a  were used f o r  t he  d i f f u s e  sky s p e c t r a l  i r r a d i a n c e  
d i s t r i b u t i o n s  i n  t he  hour-by-hour energy c a l c u l a t i o n  a n a l y s i s .  A s  with t h e  
d i r e c t  normal, the  hour ly  t o t a l  i r r a d i a n c e  l e v e l  of  t he  d i f f u s e  sky 
i r r a d i a n c e  was sca led  t o  equa l  t h a t  from the  SOLMET weather d a t a  tape.  

A s  an a d d i t i o n a l  s t e p  i n  understanding t h e  s p e c t r a l  d i s t r i b u t i o n  seen 
by a  f l a t - p l a t e  a r r a y ,  the  annual i nc iden t  i r r a d i a n t  energy was computed a s  
a  func t ion  of wavelength f o r  t he  two s i t e s .  The r e s u l t s ,  shown i n  Figure 
1, can a l s o  be i n t e r p r e t e d  a s  t he  weighted average s p e c t r a l  i r r a d i a n c e  
where t he  weight i s  t h e  hour ly  t o t a l  i r r a d i a n c e  l e v e l  on t he  a r r a y  
su r f ace .  A s  seen,  t he  A i r  Mass 1.5 r e f e r ence  spectrum normalized t o  t he  
same t o t a l  i r r a d i a n c e  has  excessive energy i n  t h e  red r eg ion  of t he  
spectrum and i s  d e f i c i e n t  a t  t he  b lue  end. 

A s  a  f i n a l  s t e p  t o  d e f i n e  t he  most app rop r i a t e  f l a t - p l a t e  r e f e r ence  
spectrum the  i r r a d i a n t  energy spectrum shown i n  Fig.  1 and a  number of con- 
ven t iona l  t e r r e s t r i a l  s p e c t r a  were used a s  t h e  r e f e r ence  s p e c t r a  and the  
annual energy i n t e g r a t i o n s  i n  equa t ion  (2)  were computed. From the  r e s u l t s  
i n  Table 1 i t  can be seen t h a t  t he  spectrum lead ing  t o  t he  lowest e r r o r  i s  
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Fig.  1 - Comparison of annual i r r a d i a n t  energy s p e c t r a l  d i s t r i b u t i o n s  wi th  
AM 1.5 re fe rence  spectrum normalized f o r  equa l  t o t a l  i r r a d i a n c e .  

s i m i l a r  t o ,  but s l i g h t l y  b l u e r  than,  t he  a i r  mass 1.5 spectrum. However, 
none of  the  convent ional  s p e c t r a  match t h e  accuracy ob ta inab le  us ing  t h e  
annual  i nc iden t  energy s p e c t r a l  d i s t r i b u t i o n .  A mean annual energy 
d i s t r i b u t i o n  f o r  a  v a r i e t y  of s i t e s  could se rve  a s  a  u s e f u l  re fe rence  spec t -  
rum f o r  f l a t - p l a t e  photovol ta ic  a r r ays .  

3.  IMPLICATION OF ENERGY CALCULATIONS ON REFERl3NCE TEMPERATURE 
Because of t he  absence of hour ly  weather d a t a  a t  most s i t e s ,  a d d i t i o n a l  

approximations beyond t h a t  of equat ion (2 )  a r e  gene ra l l y  requi red  i n  the  
computation of annual energy performance. Examination of the  imp l i ca t i ons  
of t h i s  f u r t h e r  approximation provides a d d i t i o n a l  i n s i g h t  i n t o  t h e  
s e l e c t i o n  of photovol ta ic  re fe rence  condi t ions .  

The genera l  approach t o  dea l ing  wi th  the  lack  of hour ly  i r r a d i a n c e  and 
ambient temperature d a t a  i s  t o  compute energy product ion a s  a  product of a  
nominal photovol ta ic  e f f i c i e n c y  and the  t o t a l  i n t e g r a t e d  s o l a r  i r r a d i a n t  
energy a t  t he  s i t e  of i n t e r e s t .  This  approximation p l aces  f u r t h e r  r e s t r i c -  
t i o n s  on t h e  d e f i n i t i o n  of a r r a y  r e f e r ence  condi t ions  by r e q u i r i n g  t h a t  t he  
a r r a y  e f f i c i e n c y  be referenced a t  t he  p a r t i c u l a r  s e t  of  s o l a r  i r r a d i a n c e  
l e v e l  and c e l l  temperature condi t ions  which maximize t h e  accuracy of t he  

Table 1 - Annual Energy Calcu la t ion  Summary 

LOCATION ANNUAL 
ENERGY I A M 0  1 AM 1.0 I AM 1.5 1 A M 2 . 0  

ALBUQUERQUE 

M I  Ahl l  

0.99 

1.00 

0.85 

0.84 

0.98 

0.97 

1.03 

1.02 

1.08 

1.07 
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. 2 - Annual energy output  versus  c e l l  re fe rence  temperature (Tr) f o r  
a  re fe rence  i r r a d i a n c e  l e v e l  (s,) of 80 mw/cm2 and 100 mw/cm2. 

lowing mathematical r e l a t i o n s h i p :  

Where: Tr = Reference Cel l  Temperature, OC 

Sr = Reference I r r ad i ance  Level ,  m~/cm 

To provide an assessment of var ious  s o l a r  i r r a d i a n c e  and c e l l  temperatu- 
r e  leve 1s , the  computer a n a l y s i s  of equation(2)was extended t o  inc lude  c a l -  
c u l a t i o n  of t he  r i g h t  hand s i d e  of equat ion ( 3 )  f o r  a  v a r i e t y  of s o l a r  a r r a y  
types and s i t e  l oca t ions  i n  t he  U.S. Figure 2 presen ts  the  r e s u l t s  of t h i s  
a n a l y s i s  f o r  s e l ec t ed  re fe rence  i r r a d i a n c e  l e v e l s  of 80 and 100 mw/cm2, 
and f o r  c e l l  re fe rence  temperatures from 15 t o  75OC. For each s i t e  loca- 
t i o n  and a r r a y  type the  c e l l  re fe rence  temperature which makes t h e  two s i d e s  
of equa t ion(3)equa l  i s  i nd i ca t ed  by the  do t  and l i n e  po in t ing  t o  the  annual 
energy output  computed us ing  the  hourly i r r a d i a n c e  and temperature da t a .  

For t he  t y p i c a l  a r r a y  thermal c h a r a c t e r i s t i c s  used i n  t h i s  s tudy a  r e f -  
erence temperature around 45OC appears t o  provide t he  b e s t  approximation 
of annual energy output ,  depending only s l i g h t l y  on the  s i t e  l o c a t i o n  and 
re fe rence  i r r a d i a n c e  l e v e l  s e l ec t ed .  Unfortunately t h i s  optimum reference  
temperature i s  only useable  f o r  a  t y p i c a l  photovol ta ic  a r r a y  and i s  inapp- 
r o p r i a t e  f o r  des igns  with s i g n i f i c a n t l y  d i f f e r e n t  opera t ing  temperatures .  

I n  an at tempt  t o  broaden the  a p p l i c a b i l i t y  of re fe rence  temperature 
condi t ions  i t  i s  u s e f u l  t o  next  examine the  concept of a  r e f e r ence  envi r -  
onmental condi t ion  ( i r r a d i a n c e  l e v e l ,  ambient a i r  temperature,  and wind 
v e l o c i t y ) .  Use of a  re fe rence  environmental condi t ion  o f f e r s  t h e  p o t e n t i a l  
of accomodating photovol ta ic  a r r a y s  with d i v e r s e  thermal designs by avoiding 
the concept of  a f ixed  c e l l  re fe rence  temperature.  Ins tead  a  unique design- 
s p e c i f i c  c e l l  re fe rence  temperature i s  a s soc i a t ed  with each a r r a y  thermal 
design and equa ls  t he  c e l l  opera t ing  temperature under the  r e f e r ence  
environmental condi t ion .  This  des ign-spec i f ic  c e l l  re fe rence  temperature i s  
r e f e r r e d  t o  a s  t he  a r r a y ' s  Nominal Operating Cel l  Temperature (NOCT). 
Standard t e s t s  f o r  determining an a r r a y ' s  NOCT a r e  developed i n  Ref. 2. 

To q u a n t i t a t i v e l y  a s s e s s  t he  a l t e r n a t i v e  f ixed  r e f e r ence  environmental 
condi t ions  t he  i n t e g r a l s  i n  equa t ion  ( 3 )  were recomputed a s  necessary us ing  
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Table 2 - Energy Calcu la t ion  Summary 

AVG. ALBUQ. 

PLATE OMAHA 
M l A M l  

AVG. ALBUQ. 
Z-AXIS CAP. HAT. 
CON. OMAHA 

M l A M l  

Z-AXIS CAP. HAT. 
CON. OMAHA 

M l A M l  

ARRAY 
TYPE 

SITE 
LOCATl ON 

T: CELLlAl R TEMPERATURE, ('C ), 5: I RRADIANCE, ( r n ~ l c r n ~ )  

TOTAL 
IRRAD. 
k w h  - -  

m2/yr 

the  hour ly  SOLMET d a t a ,  and an a d d i t i o n a l  two-axis-tracking a r r a y  wi th  a  
h igher  ope ra t i ng  temperature was added. 

Table 2 compares t he  accuracy obtained f o r  t he  annual energy output  us- 
ing  va r ious  f ixed  temperature and f ixed  environment r e f e r ence  cond i t i ons .  
A s  can be seen,  the f ixed  environmental condi t ion  of (80 mW ~ m - ~ ,  20°c 
a i r ,  1 m s-l wind) provides t he  b e s t  accuracy with a  maximum e r r o r  of 
only 3% f o r  a l l  s i t e  l o c a t i o n s ,  a r r a y  t r ack ing ,  and thermal designs.  The 
o the r  environmental condi t ion  leads  t o  a  s l i g h t l y  l a r g e r  e r r o r ,  and t h e  
f ixed  temperature condi t ions  lead t o  very l a rge  e r r o r s .  

4. CONCLUSIONS 
In  add i t i on  t o  providing a  r epea t ab l e  re fe rence  f o r  performance 

comparisons, i t  has been shown t h a t  the  choice of re fe rence  condi t ions  
d i r e c t l y  c o n t r o l s  t he  accuracy of a r r a y  energy output  p r e d i c t i o n  
c a l c u l a t i o n s .  Examination of t he  commonly used a i r  mass 1.5 re fe rence  s o l a r  
i r r a d i a n c e  spectrum i n d i c a t e s  t h a t  i t  provides reasonable  accuracy f o r  
energy p r e d i c t i o n  f o r  both concent ra tor  and f l a t - p l a t e  a r r ays .  However, 
the  spectrum which provides t he  l e a s t  e r r o r  f o r  f l a t - p l a t e  a r r a y s  i s  t h e  
s p e c t r a l  d i s t r i b u t i o n  of annual i r r a d i a n t  energy a s  shown i n  F ig  1. 

I n  t h e  a n a l y s i s  of c e l l  temperature and i r r a d i a n c e  l e v e l  r e f e r ence  
cond i t i ons  i t  has  been shown t h a t  the  concept of a  re fe rence  environmental 
condi t ion  provides an e f f i c i e n t  means of inc lud ing  the  e f f e c t  of a  module's 
thermal des ign  on i t s  e l e c t r i c a l  performance. The concept of a  Nominal 
Operating Cel l  Temperature (NOCT) de r ives  from the  r e f e r ence  environmental 
condi t ion  and serves  i n  p l ace  of t he  usua l  c e l l  re fe rence  temperature which 
i s  f ixed  Zor a l l  des igns .  The use of a  wel l  chosen environmental r e f e r ence  
condi t ion  i s  shown t o  provide an e f f i c i e n t  and accu ra t e  means of computing 
the  annual  energy output  f o r  both f l a t - p l a t e  and concent ra t ing  a r r a y s ,  
independent of t he  s i t e  l o c a t i o n  and the  a r r a y ' s  thermal des ign .  

ACTUAL 
ARRAY 
OUTPUT 

k w h  

rn2 /~ r  

5. REFERENCES 
(1) S t u l t z ,  J . W .  and Wen, L.C., "Thermal Performance Tes t ing  and Analysis 

of Photovol ta ic  Modules i n  Natural  Sunl igh t , "  J e t  Propuls ion 
Laboratory, Report 5101-31, J u l y  29, 1977. 

( 2 )  "Revised T e r r e s t r i a l  Photovol ta ic  Measurement Procedures," NASA Lewis 
Research Center ,  NASA TM 73702, June 1977. 

qlTr.s r l / Yr Sd;//yr SWq(11 dl 

FIXED 
ENVl RONMENT 

T - 2 0  T = 1 5  
1 = 80 I s = 

FIXED 
CELL TEMP. 

T - 2 5  T . 4 5  
S = 100 1 S = 1M 

5


