
ENERGY PREDICTION USING NOCT-BASED PHOTOVOLTAIC 

REFERENCE CONDITIONS* 

ABSTRACT -- 

C.C. Gonzalez** 
R.G. Ross Jr.** 

Je t  Propulsion Laboratory 
Pasadena, C a l i f o r n i a  

91109 USA 

With the  growing i n t r oduc t i on  o f  var ious 
t h i n - f i l m  so l a r - ce l l  modules i n t o  t h e  
pho tovo l ta i c  marketplace, t h e  appropriate- 
ness o f  convent ional power-output r a t i ngs  a t  
a f i x e d  i r rad iance  leve l ,  so l a r  spectrum, 
and c e l l  temperature has been t he  subject  of 
increas ing debate. At issue i s  t he  a b i l i t y  
o f  var ious nameplate power r a t i ngs  t o  r e -  
f l e c t  accurately the s i t e - spec i f  i c  energy 
generat ion p o t e n t i a l  o f  devices w i t h  w ide ly  
d i f f e r e n t  current -vo l tage ( I - V  curve) 
charac te r i s t i cs .  

This paper examines c r i t i c a l l y  the  energy 
p red i c t i on  a b i l i t y  o f  r a t i n g  condi t ions 
based on Nominal Operating Ce l l  Temperature 
(NOCT) and presents two approaches t o  f i ne -  
tun ing  t h i s  r a t i n g  system f o r  s i t e - s p e c i f i c  
ambient temperature and I - V  f i  11 f ac to r .  
One mod i f i ca t ion  provides s i t e - s p e c i f i c  
r a t i n g  condi t ions ( i r rad iance  and a i r  
temperature) and the other  provides s i t e  
ambient temperature and f i 11 - f ac to r  based 
cor rec t ions  t o  t he  standard NOCT-based (80 
mW/cd, 200C ambient temperature) power 
output r a t i ng .  The study r e s u l t s  i n d i c a t e  
t h a t  t he  standard NOCT-based power r a t i n g  
provides good energy p r e d i c t i o n  a b i l i t y  f o r  
s i t e s  w i th  moderate cl imates. The modifi - 
cat ions prov ide two approaches f o r  high- 
accuracy f i n e  tun ing  o f  t h e  energy pred ic-  
t i o n  f o r  any s i t e  and f i l l  fac to r ,  based on 
r e a d i l y  ava i lab le  weather-at las parameters. 
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1. INTRODUCTION 

The Je t  Propulsion Laboratory 's  (JPL) 
F l a t -P l a t e  Solar Array P ro j ec t  (FSA) has 
pr imary r e s p o n s i b i l i t y  w i t h i n  t he  Depart- 
ment o f  Energy's Nat ional Photovol ta ics  
Program f o r  managing research r e l a t ed  t o  
f l a t - p l a t e  photovol ta ic  so la r  arrays. 
Research on ar ray performance c r i t e r i a  and 
measurement methods i s  an ac t i ve  p a r t  o f  
t h e  FSA e f f o r t  and supports i n d i r e c t l y  the  
photovol t a i c  standards a c t i v i t i e s  o f  
var ious consensus standards organizat ions, 
such as ASTM, IEEE, and IEC. 

An important concern o f  t h e  pho tovo l ta i c  
community i s  the  app l i cab i  1 i t y  o f  h i s t o r i  - 
c a l  pho tovo l ta i c  power-output r a t i n g  
schemes t o  the  new generations o f  photo- 
v o l t a i c  modules i nvo l v i ng  t h i n - f i  lm so l a r  
c e l l s .  O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  
a b i l i t y  o f  e x i s t i n g  power r a t i n g s  t o  
character ize accurately t h e i r  energy 
generat ion po ten t i a l ,  which i s  the  most 
re levant  performance measure o f  a photo- 
v o l t a i c  array. 

A key f a c t o r  a f f e c t i n g  the  r e l a t i onsh ip  
between power r a t i n g  and energy performance 
i s  the  fill fac to r  o f  t h e  a r ray 's  cu r ren t -  
vo l tage ( I-V) curve. F i l l  f a c t o r  i s  def- 
ined as the r a t i o  o f  maximum power t o  t he  
product o f  s h o r t - c i r c u i t  cu r ren t  and open- 
c i r c u i t  voltage, and i s  a measure o f  t he  
squareness o f  t he  I - V  curve. A t  issue i s  
t h e  f a c t  t h a t  an ar ray w i t h  a low f i l l  
f a c t o r  (e.g., 0.6) generates less energy 
over a year than an ar ray w i t h  a h igh  f i l l  
f a c t o r  (e.g., 0.75) w i t h  the  same power 
nameplate r a t i n g  a t  the  standard r epo r t i ng  
condi t ions o f  100 mW/cm2. 

The systematic development of photovol t a i c  
r a t i n g  condi t ions r e l a t ed  t o  energy per- 
formance has been addressed by these 
authors i n  a previous paper, and led  t o  the  
concept o f  r a t i n g  power a t  an a r r ay ' s  
Nominal Operating Ce l l  Temperature (NOCT) 
(Ref. 1). Th is  concept works we l l  t o  
normalize t he  effects o f  va ry ing  a r ray  
thermal cha rac te r i s t i c s  and i s  modestly 
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i nsens i t i ve  t o  f i l l  f c t o r  when t h e  power B i s  ra ted a t  (80 mW/cm , NOCT). S i te -  and 
array-speci f i c  energy product ion was show? 
t o  be we l l  approximated by  the product  o f  
t he  a r ray ' s  e f f i c i e n c y  a t  80 mW/cm2, 
NOCT, and the in tegra ted so lar  i r rad iance  
i nc iden t  on t h e  ar ray  a t  the  s i t e  o f  
j n t e r e s t  (Ref. 1 ). However, because NOCT 
i s  a f i x e d  number for  any array, s i t e -  
s p e c i f i c  ambient-temperature and f i l l -  
f a c t o r  dependencies are not  s p e c i f i c a l l y  
addressed. These shortcomings have been 
t h e  subject  o f  recent coment  (Ref. 2). 

Th is  paper f i r s t  provides a de ta i l ed  
assessment o f  t h e  energy p r e d i c t i o n  
accuracy o f  t he  NOCT method, and then 
presents two approaches t o  f i ne - tun ing  the  
methcd to inc lude s i t e - s p e c i f i c  ambient 
temperature and f i  11 - fac tor  dependencies. 

2. COMPUTATION OF BASELINE ENERGY 
PRODUCTION 

To assess the accuracy o f  any s i m p l i f i e d  
energy p r e d i c t i o n  algorithm, i t  i s  f i r s t  
necessary t o  es tab l i sh  the  t rue,  o r  base- 
l ine ,  energy product ion f o r  a chosen se t  o f  
representa t ive  arrays and s i t e s  us ing a 
method w i t h  k n o w  h igh  accuracy. For t h e  
purposes o f  t h i s  study, t he  base l ine  energy 
nutput  i s  assumed t o  be accurately defined 
by  i n t e g r a t i n g  the  hour ly  power generat ion 
pred ic ted f o r  a f i x e d - l a t i t u d e - t i l t  array 
using measured s i t e  weather data and mea- 
sured array response to weather parameters. 
The absolute accuracy o f  t he  s i t e  weather 
data i s  not  p a r t i c u l a r l y  important  as long 
as i t  i s  representat ive,  and r e f l e c t s  
t y p i c a l  i r rad iance- leve l ,  ambi ent-tempera- 
t u r e  i n te r re la t i onsh ips .  SOLMET t y p i c a l  
meteorological  year (TMY) data tapes were 
used i n  t h i s  study and prov ide a convenient 
source o f  hour ly  data f o r  26 s i t e s  i n  the  
Uni ted States w i t h  diverse cl imates. 

I n  equation form, t h e  base l ine  annual 
energy from an ar ray  i s  given by: 

where: 

Eyr = annual energy out  u t  per u n i t  
array area, ~ h m -  !! 

S ( t )  = t o t a l  (pyranometer) i r rad iance  a t  
t ime ( t ) ,  h - 2  

q ( t )  = array e f f i c i e n c y  a t  S ( t )  and T ( t )  
T ( t )  = c e l l  temperature a t  t ime (t),oC 

A c r i t i c a l  element o f  the  implementation of 
equation (1) i s  t he  accurate computation of 
t h e  array e f f i c i e n c y  a t  the  var ious hou r l y  
combinations o f  ambient temperature and 
i r rad iance  l eve l .  Th i s  i s  accomplished b y  
f i r s t  computing the hour ly  so:ar c e l l  
temperature from the hou r l y  i r radiance, 
ambient temperature and wind data using t h e  

exper imental ly  der ived r e l a t i o n s h i p  (Ref.3): 

Tce l l  = Tair + (k - 0.01V) S (2)  

Ttel l  = Ce l l  temperature, OC 
= Ambient temperatu , OC 
= Wind Ve loc i ty ,  mIf 

S = I r rad iance leve l ,  mW cm-2 
k = Empi r ica l  constant character- 

i z i n g  the thermal res is tance 
o f  t he  array o f  i n t e r e s t .  

Next, t he  array I - V  curve, and thence 
hour l y  maximum power, i s  computed fo r  each 
hour l y  combination o f  i r rad iance l e v e l  and 
c e l l  temperature us ing I - V  curve t rans la-  
t i o n  equations t h a t  model accurately the 
temperature-irradiance behavior o f  t he  
ar ray  o f  i n te res t .  This s tep requ i res  
p a r t i c u l a r  care because ava i lab le  t rans la-  
t i o n  algorithms are der ived based on the  
behavior o f  a s ing le  so lar  c e l l ,  and on ly  
model t h e  behavior o f  an ar ray  when a l l  
array elements are p e r f e c t l y  matched w i t h  
i d e n t i c a l  I - V  curves. 

When a l l  elements are matched, t he  I - V  
curve t rans la tes  w i th  i r rad iance l e v e l  
w i thout  changing shape s i g n i f i c a n t l y ,  as 
shown i n  Fig.  1. However, i f  one or more 
elements are mismatched, t h e  shape o f  t he  
I - V  curve may be s i g n i f i c a n t l y  a l t e red  by 
the mismatched elements and w i l l  change 
w i t h  v a r i a t i o n  i n  i r radiance. Fig.  2 
i l l u s t r a t e s  the measured e f f e c t  o f  a s ing le  
mismatched c e l l  on the  I - V  curve o f  a 
photovol t a i c  module a t  var ious i r rad iance  
leve ls .  Not ice t h a t  the  I - V  curve shape 
approaches the unal tered shape as the i r r a -  
diance l eve l  i s  reduced. This non- l inear 
behavior s i g n i f i c a n t l y  complicates the 
p red ic t i on  o f  t he  energy performance o f  
e l e c t r i c a l l y  mismatched arrays, and t o  our 
knowledge i s  not  t reated by any ava i lab le  
I - V  t r ans la t i on  models. 

For the  purpose o f  t h i s  study, a p e r f e c t l y  
matched array was assumed, and f i l l  f a c t o r  
was t reated parametr ica l ly  using values o f  

Fig. 1. Trans la t ion  o f  Photovol ta ic I - V  
Curve w i t h  Changes i n  I r rad iance 
Level a t  Constant Temperature 
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Fig. 2. T rans la t i on  o f  Single-Point-Fai lure 
I - V  Curve w i t h  Change i n  I r rad iance  
Level a t  Constant Temperature 

0.60, 0.65, 0.70 and 0.75 a t  100 mw/cm2, 
250C. Arrays o f  d i f f e r e n t  thermal 
designs were s i m i l a r l y  included us ing para- 
me t r i c  thermal constants (k = 0.325 and 
0.45). These thermal constants correspond 
t o  modules w i t h  NOCT values o f  460C and 
560C, respect ive ly .  To prov ide a d i ve r -  
s i t y  o f  c l i m a t i c  extremes, eleven SOLMET 
s i t e s  were u t i l i z e d ;  these were: 
Albuquerque, NM; Bismarck, ND; Boston, M; 
Columbia, MO; Dodge Ci ty,  KS; Fresno, CA; 
G r o 5 t  Fa l l s ,  MT.; Miami, FL; h a h a ,  NB; 
Phoenix, AZ; and Santa Maria, CA. 

3. SIMPLIFIED ENERGY PREDICTION ALGORITHMS 

Because hour-by-hour weather data are 
ava i lab le  f o r  on ly  a very l i m i t e d  number o f  
s i t e  locat ions,  there i s  need f o r  a s imp l i -  
f i e d  a lgor i thm su i tab le  f o r  approximating 
photovo l ta ic  energy product ion accurately 
based on sumary  data such as monthly 
average weather-atlas values. One such 
s i m p l i f i e d  a lgor i thm i s  o f  the  form (Ref. 
1): 

Ep = 

where 

Ep = 

' l =  

j s d t  = 
P 

array  energy output  over 
per iod p 
array e f f i c i e n c y  a t  reference 
ambient temperature (Tr) and 
reference i r rad iance  l e v e l  
(Sr)  
in tegra ted i r r a d  iance over 
per iod p f o r  the  s i t e  and ar ray  
t rack ing  geometry o f  i n t e r e s t  

For the NOCT-based algorithm, t h e  reference 
i r r zd iance  l eve l  (Sr) i s  80 m~/cn?, and 
t h e  reference ambient temperature (Tr) Ss 

200C. These values o f  Sr and Tr were 
chosen to minimize the  energy p r e d i c t i o n  
e r ro r  f o r  t y p i c a l  arrays w i t h  f i l l  fac to rs  
around 0.7 and s i t e s  w i t h  moderate cl imates. 

I n  the  present study, Equations (2)  and (3 )  
were used t o  examine the accuracy o f  the  
NOCT basel ine a lgor i thm f o r  an extensive 
v a r i e t y  o f  t e s t  cases i nvo l v ing  a f ixed- 
l a t i t u d e - t i 1  t f l a t - p l a t e  ar ray  w i t h  the 
s i t e  locat ions,  f i l l  f a c t o r s  and thermal 
c h a r a c t e r i s t i c s  noted above. The hour ly  
i r rad iance l eve l  on t h e  array was der ived 
from the SOLMET i r rad iance  data by  using an 
a lgor i thm developed by T. Klucher, based on 
the  work o f  B. L i u  and R. Jordan (Ref. 1). 
I n  addi t ion,  s i t e  s p e c i f i c  values o f  Sr 
and Tr were derived based on minimiz ing 
the  energy e r ro r  f o r  each s i t e  over the  
range o f  f i l l  f a c t o r s  (0.60, 0.65, 0.70, 
0.75) and thermal cha rac te r i s t i cs  (k  = 
0.325 and 0.45). 

Figure 3 d isp lays  t h e  s i t e - s p e c i f i c  optimum 
reference cond i t ions  fo r  each of the  eleven 
s i t e s  together w i t h  the cond i t ions  t h a t  led  
t o  the lowest energy p r e d i c t i o n  e r ro r  f o r  
a l l  eleven s i t e s  simultaneously. Several 
observations can be dram, from these data: 

The "best -cornpromi se" reference cond i - 
t i o n  i s  given by an ambient a i r  tempera- 
t u r e  o f  200C and an i r rad iance l eve l  
o f  65 mW/cm2. 

The optimum ambient-temperature and 
i r rad iance- leve l  reference cond i t ion  
var ies  widely w i t h  s i t e  locat ion.  

It would be use fu l  to co r re la te  the s i t e  
s p e c i f i c  reference condi t ions 'wi th 
generic weather-at l a s  data such as mean 
d a i l y  maximum temperature and cloudiness 
ind ica tors .  

The absolute energy-predict ion e r r o r  
f o r  any given se t  o f  condi t ions needs 
t o  be exami ned . 

Based on t h e  above observations, t he  
s i  t e -spec i f i  c  reference cond i t ions  were 
cross-correlated w i th  several s i  t e -spec i f i c  
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Fig. 4. Optimum Reference Ambient Tempera- 
t u r e  as a  Funct ion o f  S i t e  Annual 
Maximum D a i l y  Temperature 

temperature and i r r a d i  ance indices. The 
best  resu l t s  were obtained by  c o r r e l a t i n g  
the optimum reference arribient temperature 
w i t h  the  s i t e  annual average maximum d a i l y  
temperature, and by c o r r e l a t i n g  the  optimum 
reference i r rad iance  l e v e l  w i t h  t h e  average 
annual KT index. The KT index i s  t he  
r a t i o  o f  t he  t o t a l  d a i l y  r a d i a t i o n  on a  
ho r i zon ta l  surface a t  ground leve l ,  d iv ided 
by the  t o t a l  d a i l y  e x t r a t e r r e s t r i a l  rad ia-  
t i o n  on a  ho r i zon ta l  surface. Average 
d a i l y  maximum temperatures can be found i n  
any c l i m a t i c  a t las ,  such as Reference 4; 
t he  KT ind ices f o r  a  great  number o f  
s i t e s  are provided i n  Reference 5.  Figures 
4 and 5 prov ide a  graph ica l  representa t ion  
o f  these two cor re la t ions.  

To prov ide a  q u a n t i t a t i v e  eva luat ion  o f  
each o f  the  var ious candidate reference 
condi t ions,  t he  r e l a t i v e  energy p r e d i c t i o n  
e r r o r  was computed f o r  a  v a r i e t y  o f  s i tes,  
thermal c h a r a c t e r i s t i c s  and f i  11 fac tors .  
Table 1 sumnarizes some o f  these values and 
leads t o  the  f o l l o w i n g  add i t i ona l  
observations: 

The base l ine  80 mW/c$, 200C 
reference cond i t i on  provides good 
accuracy f o r  h igh  f i l l  f a c t o r s  and 
moderate cl imates. 

The optimized 65 m ~ / c m ~ ,  20% 
cond i t ion  leads to improved energy 
pred ic t ion ,  b u t  s i t e -spec i f i c  e r r o r s  
remain as h igh  as 25%. 

The s i t e - s p e c i f i  c  reference condi- 
t i o n s  based on a t l a s  temperatures 
and KT values provide exce l l en t  
energy pred ic t ion ,  w i t h  less  than 
1% e r ro r  f o r  a l l  cases. 

Observing t h a t  the  opt imized reference 
cond i t ions  lead t o  on l y  a  modest improve- 
ment over t h e  base l ine  NOCT values, it 
seems appropr iate t o  examine the  concept o f  
a  s i t e  and f i  11-f actor-dependent co r rec t i on  
t h a t  can be used to f ine- tune t h e  NOCT 
energy p red ic t i ons  f o r  low f i l l  f a c t o r s  and 
c l imates w i th  extreme temperatures. To 
t h i s  end, Figures 6 and 7 provide m u l t i p l i -  

ANNUAL AVERAGE KT INDEX 

Fig.  5.  Optimum Reference I r rad iance  Level 
as a  Function o f  S i t e  Annual 
Average KT Index 

ca t i ve  co r rec t i on  fac to rs  4 (T )  and @(KT) 
cor re la ted against s i t e  annual average 
maximum d a i l y  temperature (T) and annual 
average KT index. The r e s u l t i n g  energy 
p r e d i c t i o n  a lgor i thm i s  therefore o f  t h e  
form: 

where ENOC i s  def ined by  eq a t i o n  (3 )  J ! w i t h  Tr=20 C and Sr=80 mW/cm , 
and FF i s  the ar ray  I - V  f i l l  fac to r .  

The absolute p r e d i c t i o n  e r ro rs  associated 
w i t h  Equation 4 and t h e  rbelat ionships i n  
Figures 6 and 7 are displayed i n  the  r i g h t -  
hand column o f  Table 1. Although not as 
accurate as the s i t e  s p e c i f i c  reference 
condi t ions,  t h i s  cor rec t ion- f  actor  approach 
also o f f e r s  exce l l en t  s i t e - s p e c i f i c  energy 
p red ic t i on .  

4. CONCLUSIONS 

Review o f  t he  NOCT-based energy p red ic t i on  
a lgor i thm ind ica tes  t h a t  i t does a  good job 
o f  energy p r e d i c t i o n  f o r  h i g h - f i  11 - fac to r  
arrays i n  moderate cl imates, but over- 
p red i c t s  the energy o f  l ow- f i  11 - fac tor  
arrays i n  ho t  c l imates by a  few percentage 
points.  Attempts t o  locate  a  s ing le  temp- 
era ture- i r rad iance cond i t i on  w i t h  improved 
accuracy a t  low f i l l  fac to rs  was only par-  
t i a l l y  successful because o f  r e s u l t i n g  
reduced accuracy f o r  h i g h - f i  11 - fac tor  
arrays i n  moderate c1imat:es. 

If improved accuracy beyond the generic 
NOCT-based algor i thm i s  clesi red, i t  appears 
t h a t  a  s i t e - s p e c i f i c  approach i s  needed. 
Twa approaches, one based on a  s i t e -  
s p e c i f i c  reference condi t ion,  and the o ther  
based on a  s i t e  and f i l l - f a c t o r  adjustment 
o f  the  NOCT-baseli ne concl it ion, have been 
developed. Both s i t e - s p e c i f  i c  approaches 
have been cor re la ted t o  r e a d i l y  ava i lab le  
weather a t l a s  data and provide exce l l en t  
energla p red i c t i on  accurac:y w i t h  e r r o r s  
t y p i c a l l y  less  than 1%. 

A1 though the  s i t e - s p e c i f i  c  algorithms have 



TABLE 1. DEVIATIONS IN ENERGY CALCULATION FROM BASELINE 

S i t e  

S i t e  Ref. Cond. 
~ ( m ~ c m - 2 )  : T ( ~ c )  

Albuquerque, NM 
S=71.4:T=21.4 

Bismarck, ND 
S=58.7:T=17.5 

Boston, MA 
S=51.0:T=18.2 

Columbia, MO 
S=56.5:T=19.9 

Dodge City,  KS 
S=64.5:T=20.7 

Fresno, CA 
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no t  been tes ted as p red ic to rs  o f  monthly 
energy output, it i s  expected t h a t  bo th  
w i l l  a lso prov ide an e f f e c t i v e  means o f  
p r e d i c t i n g  monthly energy product ion  based 
on monthly i r radiance, ambient temperature 
and KT data. 
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